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Environment and nature are always amongst the top list of people’s 
concerns whereas environmental pollutants are more and more attracting 
intensive research throughout the world. Small molecule fluorescent sensors 
have stood out due to their high sensitivity and selectivity, cheap and easy 
measurement instruments, and facilely tunable emission range and structures. 
However, a large amount of both environmental and biological species lack 
their specific sensors and the designing is hampered by their eccentric 
properties. Diversity oriented fluorescence library approach (DOFLA) has 
come to tackle this issue from a different angle and this thesis summarizes the 
evolution of our in vitro screening approaches. 
First of all, we designed an unbiased high-throughput screening method to 
conduct integrated screening of thousands of fluorescent dyes towards more 
than fifty biological analytes. This approach has allowed us a comprehensive 
understanding of dye properties and dye responses to the analytes. Caffeine 
orange (CO) was selected as a representative sensor developed through this 
method. After then, to quickly adapt the loads of fluorescent dyes to other 
species without the need of conducting the whole unbiased screening process 
again, we developed the screening format to an image-based hyper throughput 
screening approach. The setup of the whole screening system is simple and 
adaptable to any other dye and through this system, we have developed 
sensors for a variety of species, including food safety and social security 
species. One of the most outstanding sensor is for milk fat, which is no doubt 
its first fluorescent sensor.  
X 
 
The success of these stories has inspired to incorporate the image-based 
system with spectrometer system, and through designing of molecules, we 
have constructed a Singapore Tongue (SGT) sensor array targeting heavy 
metal ions in water systems. Not only are the SGT able to visualize and 
qualify multiple heavy metal ions, it is also capable of semi-quantifying these 
species. Most importantly, we have come up with a “safe zone” prototype that 
is able to exclusively and comprehensively detect any harmful heavy metal ion 
species from the drinking water samples. This could serve as a tool to replace 
the current complicated instrumental analysis. As a conclusion, the progress of 
fluorescent sensor development from DOFLA could trigger the enhancement 
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1.1 Water contamination and its quality control 
Rapid development throughout the world has seen the thriving economies 
of domestic society. However, alongside the boosting social modernization 
level and industrial advancement, their adverse impacts over natural 
environment, especially water resources have to be seriously coped with. 
Thousands of tons of waste water are poured into natural water systems every 
day, which contain various pollutants, including heavy metal ions, organic 
wastes and microbiological pathogens.1,2 The extreme toxicity and 
accumulation of these species in the natural resources and ultimately, in our 
bodies, has led to numerous health hazards and serious attention throughout 
the world. Developed countries such as the United States and Singapore have 
conducted comprehensive research on the water quality control process to 
ensure safe drinking water. Typical water pollutants published by major 
entities are summarized and listed in Table 1 shown below.3-5 
 
Table 1.1.1. Summarization of common water waste species and their allowed 
concentrations in drinking water. Data is summarized from the drinking water 
standards published by World Health Organization (WHO), US 
Environmental Protection Agency (EPA) and Singapore Public Utility Board 
(PUB). The table is adapted and summarized from references 3-5. 
NO. Parameters Unit WHO EPA PUB 
Metal Ions 
1 Aluminum, total mg/L 0.2 0.05 0.1 
2 Arsenic g/L 10 10 10 
3 Barium mg/L 0.7 2 0.7 
4 Cadmium g/L 3 5 3 
5 Chromium Cr  mg/L 0.05 0.1 0.05 
3 
 
6 Copper mg/L 1 1.3 2 
7 Iron mg/L 0.3 0.3 -1 
8 Lead g/L 10 10 10 
9 Manganese mg/L 0.4 0.05 0.4 
10 Mercury g/L 1 2 6 
11 Nickel mg/L 0.07 - 0.07 
12 Selenium g/L 10 50 10 
13 Zinc mg/L 3 5 - 
Organic Wastes 




g/L 20 5 20 
16 1,2-Dichloroethane g/L 30 5 30 
17 1,2-Dichloroethene g/L 50 100 50 
18 Trichloroethene 
(Trichlorethylene) 
g/L 20 5 20 
19 Tetrachloroethene 
(Tetrachlorethylene) 
g/L 40 5 40 
20 Vinyl Chloride g/L 0.3 2 0.3 
21 Benzene g/L 10 5 10 
22 Ethylbenzene g/L 300 700 300 
23 Styrene g/L 20 100 20 
24 Toluene g/L 700 1000 700 
25 Total Xylenes g/L 500 10000 500 
26 Benzopyrene g/L 0.7 0.2 0.7 
27 Chlorobenzene g/L 10 100 - 
28 1,2-Dichlorobenzene 
(o-Dichlorobenzene) 
g/L 1000 600 1000 
29 1,4-Dichlorobenzene 
(p-Dichlorobenzene) 
g/L 300 75 300 






g/L 8 6 8 
32 1,4 Dioxane g/L 50 - 50 
33 Acrylamide g/L 0.5 <0.05% 
dosed at 1 
mg/L 
0.5 
34 Epichlorohydrin g/L 0.4 <0.01% 




35 Escherichia coli (E. 
Coli) 
cfu/100ml <1/100ml No more 
than 5% of 
samples 
positive  
in a month 
<1 
36 Total coliforms  cfu/L - No more 
than 5% of 
samples 
positive  




37 Heterotrophic Plate 
Count (HPC) 
cfu/100 mL - Treatment - 
38 Giardia lamblia cyst/1000 L - Treatment, 
MCLG = 0 
- 
39 Cryptosporidium oocyst/1000 L - Treatment, 
MCLG = 0 
- 
40 Legionella cfu/L - Treatment, 
MCLG = 0 
- 
Notes: [1] Not listed or required in the corresponding standard. [2] MCLG 
stands for maximum contaminant level goal. 
 
The listed major environmental pollutants, if inhaled, would cause a series 
of diseases or body disorders. For example, heavy metal ions are raised from 
both anthropological and natural sources while after absorption, they mostly 
accumulate in developing brains and function to disrupt the protein/peptide 
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secondary structures, thus causing the formation of diseased conformations, 
such as A- amyloid.6 Organic wastes such as bisphenol A (BPA) is 
associated with human debilitating illnesses due to its estrogen antagonism.7 
Exposure to BPA contaminated waste water leads to cardiac disorder, cancer, 
diabetes, hormonal and reproductive malfunctions.8-12 Microbiological 
contaminations have outburst throughout the developed countries.13 Pathogens 
such as cryptosporidium oocysts have haunted the United States of America 
and United Kingdom decades ago and their traces can still be found in the 
current days.14 Therefore, water quality control targeting the three major 
categories of contaminants-Inorganic wastes, organic wastes and 
microbiological pathogens-has attracted intensive research interests. 
Currently, instrumental analysis and biotechnology are the most prevalent 
techniques applied to monitor water contaminants. To determine inorganic 
contaminants such as heavy metal ions, researchers have developed various 
approaches. For instance, spectroscopic detection methods such as atomic 
absorption spectrophotometry utilizes the characteristic absorption bands of 
various heavy metal ions to determine their existence and identity.15 
Luminescent recombinant bacteria sensors combine the sensitive 
luminescence measurement with bacteria-based metal chelators to achieve 
superior sensitivity and selectivity.16 Other more recently developed 
techniques, such as absorptive stripping voltammetry measurements and 
DNA-based biosensors, have all added up to the choices of inorganic 
contaminant detection.17,18 On the other hand, high performance liquid/gas 
chromatography (HPLC/GC) is one of the most widely used monitoring 
method to deal with organic wastes.19,20 Their high sensitivity, automated 
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sample injection and facile data output and analysis have rendered HPLC/GC 
widespread usage. Especially in professional utilities and governmental 
agencies, HPLC/GC is regarded as routine monitoring instruments for 
majority of the contaminants. In terms of microbiological pathogens, 
traditional detection methods require a tedious period of sample preparation 
that costs days to weeks. The researchers need to collect contaminated water 
samples from the field, purify them and then culture them in the prepared 
media or agar plates. After several days of incubation, they then can determine 
the bacteria identity based on the morphologies or by certain staining methods, 
as well as their quantity by the number of pathogen colonies.21 New 
generations of instruments such as surface enhanced Raman spectroscopy 
(SERS) has been developed, which utilizes the characteristic Raman spectra of 
certain bacteria species to achieve qualification.22  
Although to some extent, all of these water contaminants have been 
addressed using various instruments or techniques; we should admit that there 
is still a long path to pave. Intensive and careful sample preparation processes, 
complicated handling expertise of instruments and the cost required to 
purchase such instruments have significantly hampered their application, 
especially in resource limited regions. We, normal human beings, are currently 
dwelling in such a world where rapid or even instant analysis of any substance 
is required when facing more and more extreme cases. For instance, the 
outburst of several notorious infectious diseases, including severe acute 
respiratory syndrome (SARS), malaria, influenza A virus subtype H1N1 or 
even Ebola has clearly shown the lagging response of our current 
environmental monitoring system. In other situations, severe environmental 
7 
 
pollution such as oil leakage or even underlying terrorist assaults that deal 
with chemical or biological weaponries could severely harass our mother 
planet. The lack of efficient monitoring processes and techniques have rung 
the alarm to human beings that we simply cannot afford days or even hours 
using current methods and just wait for the testing results when our people are 
exposed to the risks. A more robust environmental detection method is at 
utmost demand and we are turning our attention to other techniques, such as 
fluorescent sensors. 
 
1.2 Fundamentals of fluorescence and fluorescent sensors 
The phenomenon of fluorescence was discovered almost five hundred years 
ago and was later reproduced and formulated during the 19th century.23,24 In 
the famous experiment of light refrangibility (wavelength change) conducted 
by Professor George G. Stokes, he observed bathochromic shift of ultraviolet 
(UV) light created by uranium glass to the visible blue light after passing 
through fluorspar. This phenomenon, of which an invisible light changed to 
visible light, was named fluorescence by Professor Stokes. Nowadays 
researchers have understood the underlying mechanism of this phenomenon 
(Figure 1.2.1). Among each fluorophore, multiple electronic states exist and 
accompanying each state are a series of vibrational sub-states derived from 
vibration of chemical bonds. Not surprisingly, when excitation energy is given 
to the fluorophore, ground state electrons tend to migrate to the higher state 
when provided with sufficient energy. Very rapidly, the excited state 
fluorophore tend to release energy through the constant vibration and rotation 
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Figure 1.2.2. The location of Gemini 4 spacecraft using fluorescent dye 
fluorescein. This green dye is highly fluorescent under sunshine and clearly 
visible from the air. Figure adapted from reference 27. 
The superior characteristics of fluorescence technique have triggered 
extensive research on its applications. Among the various usage approaches, 
small molecule fluorescence sensors show unique potential for high sensitivity 
and selectivity, cheap and easy measurement instruments, and facilely tunable 
emission range and structures. Versatile fluorescent sensors have been 
developed for various contaminants, including heavy metal ions,28,29 toxic 
gases30,31 and organic wastes.32 The functions of these fluorescent sensors 
have also evolved from early-period spectroscopy based sensing to current-
stage direct real time naked-eye observation, which significantly facilitates the 
monitoring process of any target. 
There are two factors to be considered regarding the design and 
construction of small molecule fluorescent sensors: the receptor and the 
reporter (fluorophores in this case). The receptor is the key to sensor 
selectivity while the reporter is responsible for signal output (emission 
wavelength, signal range, etc.). This point can be illustrated more clearly with 
one series of fluorescent sensors: heavy metal ion sensors. The majority of 
heavy metal ion sensors follow closely to the rule: a receptor linking to a 
reporter. Designed chemical recognition of heavy-metal ions serves as the 
basis for a proper sensing event. The specific interactions between heavy-
metal ions and the selected receptors usually involves non-covalent binding 
forces, such as metal coordination, hydrogen bonding, hydrophobic forces, π-π 
interactions, van der Waals forces, and electrostatic / electromagnetic effects. 
The reporters, on the other hand, are usually fluorophores with substantial 
11 
 
quantum yields. Through careful design of their structures, these fluorophores 
can be quenched by introducing photo-induced electron/energy transfer (PET) 
moieties or intramolecular charge transfer (ICT) moieties. These moieties, 
upon binding with heavy metal ions, will release the strain of the fluorophores 
and thus their emission will be turned on or their emission maximum will shift 
towards bathochromic or hypochromic directions. Through such design, 
numerous small molecule fluorescent heavy metal ion sensors have been 
reported, as shown in Table 1.2.1.33 
 
Table 1.2.1. Summary of fluorescent sensors targeting various heavy metal 
ions. The sensors are categorized according to their targets. The colorful 
moieties indicate the reporters of these sensors and the black moieties indicate 



















































































sensors, they are practically impossible to differentiate due to both chemical 
and biological similarity. Even with the costly and time-consuming 
instrumental analysis, the detection is beyond reach. Therefore, apart from 
designed small molecule fluorescent sensors, other tricks should come into 
play. 
 
1.3 Diversity oriented fluorescence library approach 
Diversity Oriented Fluorescence Library Approach (DOFLA) was first 
proposed and reported by Prof. Young-Tae Chang one decade ago. Its concept 
is directly contrary to the target oriented approach (Figure 1.3.1). In target 
oriented approach, as mentioned above, a receptor for a specific analyte that 
researchers have already known the identity is designed. In this case 
researchers should have a thorough understanding of the physical and 
chemical properties of their analyte so that a feasible and potent receptor can 
be formulated. After then careful choice of reporter and the linkage between 
the receptor and the reporter should be conducted. The selection of reporter 
may also influence the fluorescence properties: certain reporter may be 
optimum for certain receptor. This whole designing process usually requires 
tremendous knowledge of the analyte, the receptor and the reporter, as well as 
their chemical interactions. To construct a novel target oriented fluorescent 
sensor, a tedious period of trial-and-error process is usually required, not to 
mention the optimization process following the construction (Figure 1.3.1 
upper row).  
DOFLA, on the other hand, opens a new door in the field of small molecule 
fluorescent sensor development.34 Unlike the target oriented approach, in 
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which researchers should have already known the target and its properties-at 
most cases this is impossible to achieve-what researchers have done is by 
simply ignoring the hard part and focus on an easy route, and thus they have 
created diversity on the controllable end-the fluorescent sensors (Figure 1.3.1 
lower row). It is in fact very clear that the difficulty of target oriented 
approach lies in the tremendous amount of targets/analytes that researchers 
need to cope with whenever they would like to work on any real situation.  For 
instance, when it comes to the design of a fluorescent sensor for a specific 
bacteria species, researchers should find out its distinct feature that makes it 
different from the other species before any design is made; however, if we 
already have profound knowledge of this species, we should also somehow 
know how to observe it in one way or another. This has somehow become a 
classical paradox of "which came first, the chicken or the egg?" DOFLA 
address this issue from another angle, that instead of trying to brainstorm the 
chemical or physical or biological diversities happen in any analyte or target 
complex, we just create diversity from our side. This is the key term that 
researchers follow when they rationalize the construction of DOFLA. Starting 
from one center fluorophore and a variety of diversity elements, researchers 
are able to rapidly expand the size of our library following classical 
combinatorial approach. For instance, if there are three diversity sites on one 
fluorophore and ten diversity elements have been prepared as candidates to 
attach to each diversity site, a huge number of 10 * 10 * 10 = 1000 fluorescent 
sensors can readily be produced. Following such a combinatorial concept, Prof. 
Chang’s group has carefully selected fluorophores with extensive structural 
















































































































acid (GHB) 39 and -Butyrolactone (GBL) 40 (Figure 1.3.2). Pressing problems 
as they are, currently all of these analytes still require complicated 
instrumental analysis, which is not only costly and time-consuming, but also 
lacks the convenience. While with the developed DOFLA-based fluorescent 
sensors that almost instantaneously respond to the analytes, on-site real-time 
monitoring of these species-be it chemical or biological-has become feasible 
even in layman’s hands. Importantly, the beauty of fluorescence technique 
emphasized here is, even with a molecule so simple and tiny, people can 
directly observe clear signal output when they mix the sensor with the analyte.  
As listed in Figure 1.3.2, a variety of fluorescent sensors derived from 
DOFLA are shown here. There are fluorescent sensors targeting date rape 
drugs-GHB could “turn off” the fluorescence signal while GBL could “turn on” 
the fluorescence signal. In the case of caffeine, the sensor can help estimate 
the amount of caffeine inside the drinks just based on the fluorescence colors: 
red color gives a “stop” sign while green color gives a “go” sign. Other 
examples like BPA sensor, milk fat sensor and heavy metal ion sensors all 
give shiny visible signals. In fact, there is no or very few fluorescent sensor for 
most of these analytes, simply because either these species lack potential 
interaction moieties or they are too similar among their analogs that receptors 
designed from scratch would not be selective or sensitive enough. In this 
regard, DOFLA serves as an efficient way to deal with these hard rocks and 
more than this, DOFLA could be a guidance to the future studies. Researchers 
could benefit from these developed fluorescent sensors and through structure 
activity relationship (SAR) studies, it is possible to find out the receptor and 
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them. One good example would be  cell and  cell in the pancreas: both are 
crucial in the process of modulating hormones related with diabetes, yet 
without invasive analytical tools one cannot differentiate them even by slicing 
the pancreas tissue out and observe it under a high resolution microscope, not 
to mention a non-invasive live body imaging. On the other hand, even when 
the researchers would come up with the idea of designing fluorescent sensors 
for these biological events, a large number of such events lack simple clues for 
any anchoring motif. For instance, T cells and B cells are among white blood 
cells, which are guardians of human body. However, both morphologically 
and chemically these two types of cells are almost identical, which severely 
hampers the designing of any fluorescent sensor. 
With the help of DOFLA, this biological dilemma has seen a tiny entrance 
gate. During the past decade, DOFLA has produced unique and selective 
fluorescent sensors for more than a dozen of cells, tissues or other biological 
events that no successful endeavor has been made, including  cell and  cell 
as well as T cell and B cell (Figure 1.3.3).42-47 Depending on different 
biological events, the screening format and targets can vary a lot, but the key 
essence remains the same: choose one target and a variety of bio-related 
analogs to achieve differentiation among the several species, then test the hit 
compounds among real biological systems. For instance, when looking for the 
hit of T cell, the researchers should not only include B cell as an analog, but 
also test against other types of red blood cells, white blood cells and platelets. 
Using this straightforward platform, the ground of Prof. Chang can not only 
identify key cellular activities: neural stem cells, mesenchymal stem cells and 
pluripotent stem cells; but also important biological events: pancreas  cell 



























































































































that gather the merits of high sensitivity and selectivity, cheap and easy 
measurement instruments, and facilely tunable emission range and structures 
have stood out and attracted our attention. In our lab, we pursue DOFLA as a 
new platform of fluorescent sensor generation for eccentric analytes such as 
caffeine, milk fat and multiple heavy metal ions. Furthermore, we will feature 
a wide range of research subjects among this thesis, covering chemistry, 
biology, material science and engineering. 
The aims for this thesis are listed as follow: 
1) The design of the high-throughput platform for rapid screening of diversity 
oriented fluorescent libraries (> 8000 members by 2011; > 10000 by 2015). 
Conduction of the screening and de-convolution of spectroscopic data to 
achieve a caffeine selective fluorescent sensor, caffeine orange (CO). 
Photo-physical properties measurement of the acquired fluorescent sensor 
and visualization of the sensing event. Investigation of the interaction 
between CO and caffeine using nuclear magnetic resonance (NMR) 
spectroscopy, transmission electron microscopy (TEM) and dynamic light 
scattering (DLS) techniques. Conduction of caffeine extraction using 
reverse phase gel extraction. Automation of the extraction process using 
microfluidics technique. 
2) Design and construction of image-based hyper-throughput screening 
approach. Application to milk fat and acquisition of a fluorescent sensor 
targeting milk fat selectively, milk orange (MO). Photo-physical 
properties measurement of MO. Investigation of interaction mechanism 
between MO and milk fat using 19F NMR and DLS. Construction of a 
miniaturized and less expensive detector for milk fat detection. Testing of 
23 
 
the detector to milk brands collected from local market and comparison 
between the package data and detector data. 
3) Combination between spectrometer and image-based hyper-throughput 
screening platform. Design and construction of a small molecule 
fluorescent sensor array-Singapore Tongue (SGT) -for heavy metal ion 
detection. Photo-physical properties measurement and visualization of 
metal sensing event. Principle component analysis (PCA) of sensor-metal 
responses and visualization of these events on 2-dimensional (2D) and 3-
dimensional (3D) space. PCA processing of dose-dependent sensor-metal 
responses and proposal safe zone concept. Bio-imaging of amyloid zinc 
species using one SGT sensor.  
4) Application of SGT sensor to upconversion nanoparticles (UCNP) and the 
design and construction of a combined system. Proof of the working 
concept and visualization of the interaction between the combined system 
and zinc ions. Photo-physical properties and selectivity measurement. 
Application of the combined system to cellular zinc imaging, amyloid zinc 
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2.1 Introduction to caffeine and available detection methods 
Caffeine, despite the fact that it was only first isolated by Friedlieb 
Ferdinand Runge as a pure component in 1819, has been extensively 
consumed throughout eastern and western cultures for over a millennium.1,2 
Caffeine is widely discovered and extracted from the seeds, leaves, and fruits 
of various plants, such as coffee plants, tea bush as well as kola nuts.3 The 
widespread consumption of caffeine is mostly owing to its stimulating effects 
towards the nerve cells. Through the amplification mechanism of dopamine- 
and cAMP-regulated neuronal phosphoprotein-32 (DARPP-32) protein in the 
nerve cells, caffeine stimulates the central nervous system and temporarily 
removes drowsiness, restoring brain alertness.4 It is the most extensively 
consumed psychoactive drug in the world, yet it remains legal and unregulated 
in majority parts of the world. Usually beverages including tea, coffee and soft 
drinks, as well as other food products such as cakes are attracting tremendous 
popularity. It is counted that over 90% of the adults in North America would 
consume caffeine on a daily basis.5 Extensive research has been performed on 
the bodily effects of caffeine, yet not conclusion can be made until now. 
Research has it that caffeine from beverages such as Cola could enhance the 
performance of athletes,6 as well as reduce the possibility of type 2 diabetes.7 
Caffeine is also exhibiting modest protection against diseases such as 
Parkinson’s disease8 and heart stroke.9 However, despite its positive effects to 
certain diseases, caffeine is yielding either positive10 or negative effects11 in 
various types of cancers. On the other hand, with improper intake of caffeine, 
it may also cause headache and abnormal heart rhythms, especially in fragile 
people, such as children, elders and pregnant women with caffeine allergy.12-18 
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In fact, for normal adults, the lethal dosage of caffeine is over 10 grams, while 
its ordinary intake through beverages is only several hundred milligrams.19 
Hence its adverse impact is usually overlooked. Therefore, although classified 
by the Food and Drug Administration (FDA) as safe to consume, the real 
effects of caffeine over human body is still under intense argument. On the 
other hand, researchers also found that caffeine is a sign of natural water 
system pollution - any sign of caffeine in natural water is caused by unlimited 
drain of domestic waste, which contain caffeine derived from human daily 
consumption.20,21 Therefore, the diverse and extensive usage of caffeine 
among various industries and daily life is more and more requiring 
development of its convenient analytical tools.  
Figure 2.1.1 shows how caffeine could affect human nervous system, as 
well as most of the organs throughout the body. Although some of these 
effects are still under research and yet remain further clarifications, it is urgent 
to develop a convenient sensor tool to detect caffeine. HPLC method offers 
both qualitative and quantitative analysis of caffeine in various samples.22 
Similarly, thin-layer chromatography (TLC) approach gives convenient 
qualitative detection of caffeine, although not quantifiable.23 A recent physical 
approach features the combination of quartz microbalance and silane 
material.24 Silane is applied for high-efficiency caffeine absorption while the 
quartz balance could accurately measure tiny amount of caffeine in aqueous 
phase. Antibody immunoassay for caffeine could render tremendous 
selectivity and sensitivity, yet the cost and complicated handling limit its 
widespread usage.25 In conclusion, these approaches request costly 















































































































on other optical sensors first. Recently several research groups have reported 
caffeine sensors based on hydrogen-bonding or electrostatic interactions. 
Waldvogel group reported the first artificial caffeine receptor, featuring a 
triphenylene ketal derivative with three urea groups targeting the imine 
nitrogen atom and carbonyl oxygen atoms of caffeine molecules and forms 
hydrogen bonding.27 Subsequent research modified this receptor to achieve 
better binding affinity and selectivity. However, these receptors-caffeine 
sensing event were conducted in organic solvent, thus they couldn’t be directly 
applied to real-life measurement which requires non-toxic media, let alone any 
biological test.28-32 Later Reinhoudt et al. reported an aqueous phase caffeine 
receptor with the structure of a peptide-porphyrin scaffold centred with a zinc 
ion.33 The binding event happens between zinc and the 5-nitrogen of caffeine, 
which causes changes in absorption spectra. However the spectra pattern is not 
significant enough for real-life visualization and rapid detection of caffeine, 
thus requiring a professional UV-Visible reader. On the other hand, the 
Severin group reported an aqueous phase fluorescence turn-off caffeine sensor, 
8-Hydroxypyrene-1,3,6-Trisulfonic Acid  (HPTS), which binds caffeine based 
on -stacking.34 The authors tested this sensor in different samples by 
extraction method, yet the incorporation of toxic organic solvent (chloroform) 
and the fluorescence turn-off feature renders difficulties in real-life 
application. Although they further developed a similar-structure ratiometric 
caffeine fluorescence sensor and incorporated it into a caffeine detection 
strip,35 it would still require more than twenty minutes for caffeine detection in 
beverages despite the low fluorescence response, which is not user-friendly. 
Therefore, to achieve fast, sensitive and convenient caffeine detection, we 
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have to think of other approaches that could bypass the design-based 
investigation.  
 
2.2 Development of an unbiased high-throughput screening platform. 
DOFLA has shed light on sensor development in the past decade.36-38 
However, before this work, there is no integrated screening on all the existing 
fluorescent libraries generated, but only on individual dye sets.39 Hence what 
appeared to our mind was a thorough application of all the fluorescent dyes we 
generated by then (> 8000 dyes by 2011 and > 10000 by 2015) to a series of 
well-categorized biologically important analytes (> 50 species or events). 
Figure 2.2.1 is the basic diagram of this concept and how it is performed. 
Within every plate we first added in all the analytes, each with four different 
concentrations to produce the dose-dependency that can enhance the precision 
of the generated results. Among the analytes, 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) buffer is serving as the background 
control for the comparison by other analytes. After addition of the analytes, 
fluorescent dyes should be added to the analyte solutions and they are mixed 
well, incubating at room temperature for 30 minutes before inserting into the 
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analytes, including caffeine. Figure is author’s own. 
 
BD-185 contains a bromo-substituted indole motif conjugating to the 
boron-dipyrromethene (BODIPY) core and exhibits remarkably bright 
emission upon treatment with caffeine. The key items here in BD-185 are 
bromine and indole. Because the structure of BODIPY itself is prevalent in the 
fluorescent library, while none of the other BODIPY dye shows prominent 
response to caffeine, we have to rule out the possibility of mere BODIPY-
caffeine interaction. The combination of BODIPY and indole can possibly 
play a role as -stacking counterpart to caffeine, hence we selected all the 
indole-bearing BODIPY compounds from our library and tested their 
responses towards six different concentrations of caffeine (Figure 2.3.2). 
Surprisingly, except for BD-185, none of the other fluorescent dye shows any 
substantial effects to caffeine (Figure 2.3.3). 
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enough to disassemble CO aggregate and force large excess of caffeine to 
circle around the CO molecules as shown by TEM. Inside caffeine protective 
layer which is highly hydrophobic, CO molecules could fully stretch and 
maximally reduce inter-/intramolecular energy loss and thus its fluorescence 
emission could be observed. 
 
2.6 Selectivity and applicability studies 
To test the possibility of developing CO into a feasible caffeine detection 
kit, we tested its selectivity against other bio-related molecules and caffeine 
analogs, which may interfere with its fluorescence response. Through in-house 
screening, we found that CO exhibits superior selectivity towards caffeine, 
which rules out the likelihood of interference during detection (Table 2.6.1).  
 
Table 2.6.1. List of bio-molecules selected for unbiased in vitro screening. 
Buffer: HEPES, 10 mM, pH 7.4. 
Control HEPES 20 mM (pH=7.4) 
Viscosity 
Glycerol 
volume : 40 %, 20 %, 
10 %, 5 % 
DMSO 
volume : 50 %, 25 %, 
12.5 %, 6.25 % 
pH 











triphosphate (GTP), cyclic 










(dsDNA) & total ribonucleic 
acid (RNA) 
1 mg/ml, 0.5 mg/ml, 0.25 
mg/ml, 0.125 mg/ml 
Proteins 
Human Immunoglobulin G 
(human IgG) 
1 mg/ml, 0.5 mg/ml, 0.25 
mg/ml, 0.125 mg/ml 
Human serum albumin 
(HSA) 
Human serum albumin lipid 
free 








L-Glutathione reduced form 
(GSH) 
5 mM, 2.5 mM, 1.25 
mM, 0.625 mM 












reduced tetrasodium salt 
(NADPH) 




5 mM, 2.5 mM, 1.25 

















2 mM, 1 mM, 0.5 mM, 
0.25 mM 
Glucose, Fructose, Sucrose 
10 mM, 5 mM, 2.5 mM, 
1.25 mM 
Malachite green 
1 g/ml, 0.5 g/ml, 0.25 
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Furthermore, the whole extraction and detection process can be completed 
within a minute, making it highly practical in real-life caffeine detection. This 
further demonstrates the feasibility of developing CO into a portable caffeine 
detection kit and quantifying the caffeine amount in various beverages. To test 
the applicability of our caffeine detection kit, we estimated the caffeine 
amounts of various beverages and compared them with the actual caffeine 
amounts acquired from HPLC measurements. As shown in the Figure 2.7.3, 
results from the HPLC and the fluorescence data correlate very well, thus we 
confirm that this caffeine detection kit could achieve rapid, as well as sensitive 
measurement of caffeine.  
For the convenience of general users, we constructed a caffeine 
concentration-dependent colour bar with high amount of caffeine exhibiting 
red colour and low amount of caffeine showing green colour (Figure 2.7.3 B). 
Since different amounts of caffeine show different colours in our detection kit, 
by comparing the observed colour with the reference bar, we can easily 
estimate the amount of caffeine present in the sample. This is referred to as a 
“traffic-light caffeine amount designator”, with the reddish orange colour 
indicating a stop sign for people who cannot uptake caffeine, Yellow colour as 
a warning and green colour indicating a safe zone. Thus, users could rapidly 













































































2.8 Development of an automated caffeine detection kit 
To fully utilize our traffic-light caffeine sensor, we setup an automated 
system by incorporating microfluidics technique. The whole extraction 
process can be fully automated using a centrifugal device. As shown in Figure 
2.8.1, the disc (dia. = 12 cm) has chambers for coffee sample (1.2 mL), 75% 
EtOH (400 µL), K2CO3 (200 µL), deionized water (DIW) (200 µL), 15% 
EtOH (200 µL), and CO (0.1 mM, 22 µL). The detail of the disc fabrication 
and the valve actuation mechanism has been reported elsewhere.49-51 In brief, 
the microfluidic channels and chambers are fabricated by computer numerical 
control (CNC)-micromachining and the device is composed of three pieces of 
polycarbonate disc. The 5 mm thick middle disc has a through-hole for C4 
column, which is prepared by packing the C4 particles between the frits. The 
top disc has sample injection holes and the ferrowax microvalves are actuated 
on demand by laser irradiation. 
As the disc spins (3,000 rpm, 1 min), 75% EtOH solution is transferred to 
C4 column, while big particles in the coffee sample sediment in the sample 
chamber. After opening valve #1 by laser irradiation, 1 mL of supernatant 
particle-free coffee sample is transferred into the C4 column chamber and the 
input channel is blocked by closing valve #2. Then, the C4 column is washed 
by K2CO3 and DIW by actuation of valves #3 and #4, respectively. Then, the 
channel to the waste chamber is closed by laser irradiation on valve #5 and the 
caffeine is eluted and transferred to the detection chamber by actuation of the 
valves #5 and #6. The eluted caffeine is mixed with pre-stored CO and the 
final concentration is measured under excitation at 532 nm with an optical 
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 disc at eac
urve obtai
good dyna








































































































h to enjoy t
reat adapta
on-a-disc d



























































en that the 
tion and de




























































caffeine from different beverages that are both chemically and physically 
complicated. Partial purification could not only remove most of the auto-
fluorescent impurities, but also is very timesaving. The remarkable selectivity 
of CO could greatly reduce the efforts to purify the samples. (V) The dose-
dependent colour bar renders direct visualization of caffeine amount in the 
sample. Thus the detection could function like a pH paper and clearly guide 
the customers to make decision. (VI) The automated microfluidics system 
serves as an upgraded version of portable caffeine detector and produces an 
even safer and convenient approach for caffeine monitoring. 
 
2.9 Summary 
In summary, based on DOFLA approach, we have designed and conducted 
an unbiased high-throughput screening of more than 8000 fluorescent dyes. 
From the screening, we discovered the first BODIPY-based fluorescence turn-
on caffeine sensor that could work in aqueous solution. The fluorescence 
colour changes with caffeine concentrations and shows a traffic-light 
distinction. The interaction properties of CO with caffeine has been 
systematically explored with HPLC-MS, FT-IR spectroscopy, NMR, DLS and 
TEM approaches. The results demonstrate that the change of CO ambient 
environment driven by hydrogen-bond and -stacking between CO and 
caffeine molecules renders CO a remarkable fluorescence turn-on feature and 
good selectivity. A caffeine detection kit was developed in order to purify 
beverage samples and achieve the quantitative measurement of caffeine. To 
facilitate the usage of our caffeine detection kit in real life, we tested its 
eligibility for numerous beverages and constructed a “traffic-light caffeine 
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amount designator”, which could help estimate caffeine amount even faster. 
Furthermore, the whole process can be automated using microfluidics devices. 
The caffeine sensor and detection kit not only can help enhance product safety 
during the extensive consumption of caffeine, but also serve as a practical path 
of uniting science with real life. 
 
2.10 Experimental Details 
The chemicals, including aldehydes and solvents, were purchased from 
Sigma Aldrich, Fluka, MERCK, Acros and Alfa Aesar. All the chemicals were 
directly used without further purification. Normal phase column 
chromatography purification was carried using MERCK silica Gel 60 (Particle 
size: 230-400 mesh, 0.040-0.063 mm). HPLC-MS was taken on an Agilent-
1200 with a diode array detector (DAD) and a single quadrupole mass 
spectrometer (6130 series). The analytical method, unless indicated, is A: H2O 
(0.1% HCOOH), B: CH3CN (0.1% HCOOH), gradient from 10 to 90% B in 
10 minutes; C18 (2) Luna column (4.6 x 50 mm2, 3.5 μm particle size). 1H-
NMR and 13C-NMR spectra were recorded on Bruker Avance 300 NMR and 
500 NMR spectrometers, and chemical shifts are expressed in parts per million 
(ppm) and coupling constants are reported as a J value in Hertz (Hz). 
Spectroscopy was performed using a fluorometer and UV/Vis instrument, 
SpectraMax M2, Molecular Devices. The slit width is 1 nm for excitation and 
emission, and the data analysis (KD) was conducted using GraphPrism 5.0. 
The caffeine concentration measurement for different drinks was performed 
on HPLC.  
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Quantum yields for all the fluorescent compounds were measured by 
dividing the integrated emission area of their fluorescent spectrum against the 
area of Rhodamine B in DMSO excited at 500 nm (Φrho-B = 0.49). Quantum 
yields where then calculated using equation (1), where F represents the 
integrated emission area of fluorescent spectrum, η represents the refractive 
index of the solvent, and Abs represents absorbance at excitation wavelength 









              
Synthesis of (E)-5,5-difluoro-3-(2-(5-fluoro-1H-indol-3-yl)vinyl)-1-
methyl-5H-5l4,6l4-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinine (Caffeine 
Orange). 2, 4-dimethyl pyrrole 1’ (15 mg, 68 mol) and 5-fluoro-1H-indole-
3-carbaldehyde 2’ (136 mol, 2 equiv.) were dissolved in 2 mL acetonitrile, 
with 4 equiv. of pyrrolidine (48 L) and 4 equiv. of acetic acid (32 L). The 
mixture was shaken at 95 oC for 5 minutes, followed by immediate cooling 
down to zero degree. The resulting crude mixture was concentrated under 
vacuum and purified by flash column chromatography on silica gel 
(dichloromethane-methnol: 10-1) to afford 3’ as a dark purple solid (10 mg, 27 
mol, 40% yield, 99.9% purity). 1H NMR (500 MHz, CDCl3): δ 8.64 (s, 1H), 
7.65 (s, 1H), 7.60 (dd, J = 9.5, 2.1 Hz, 1H), 7.55 (d, J = 2.6 Hz, a), 7.53 (s, 2H), 
7.30 (dd, J = 8.8, 4.3 Hz, 1H), 7.09 (s, 1H), 7.01 (td, J = 8.9, 2.3 Hz, 1H), 6.87 
(d, J = 3.5 Hz, 1H), 6.75 (s, 1H), 6.44 (dd, J = 3.4, 2.2 Hz, 1H), 2.31 (s, 3H); 
13C NMR (125 MHz, CDCl3): 160.59, 159.91, 158.02, 144.59, 138.29, 136.85, 
133.86, 133.41, 132.72, 129.24, 125.87, 124.07, 121.04, 117.05, 115.70, 
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115.60, 114.77, 112.61, 112.53, 111.98, 111.77, 105.74, 105.55; 19F NMR 
(282 MHz, CDCl3): -121.50 (td, J = 9.3, 4.4 Hz), -143.21 (dd, J = 63.5, 31.9 
Hz); HRMS (C20H15BF3N3Na): calc. [M + Na]+: 388.1207, found [M + 
Na]+: 388.1208. 
1H & 19F NMR titration test. 6.7 mg CO compound was dissolved in 
CDCl3 solvent; the concentration was determined to be 18.4 mM and its 1H & 
19F NMR were first measured on a Bruker DRX 500 NMR spectrometer and 
Bruker DRX 300 NMR spectrometer. Then the solution was added to a tube 
pre-filled with 3.6 mg caffeine, mixed well and then transferred back to the 
original NMR tube. Caffeine concentration was estimated to be 18.4 mM and 
CO-caffeine molar ratio was 1-1. After measuring its 1H & 19F NMR, the 
solution was transferred to a tube pre-filled with 3.6 mg caffeine, which made 
the molar ratio of CO-caffeine be 1-2. After measuring its 1H & 19F NMR, the 
solution was transferred sequentially to tubes containing 7.2 mg, 14.4 mg, 28.8 
mg and 57.6 mg caffeine, which made the molar ratios be 1-4, 1-8, 1-16 and 1-
32. 
FT-IR measurement of CO-caffeine mixture. CO & caffeine were first 
dissolved in dichloromethane (DCM) and then dried, hence well-dispersed 
mixture was formed. The mixture was added into potassium bromide (KBr) 
crystals and mashed to fine powder. The fine powder was made into small 
transparent tablets and its FT-IR spectrum was measured using Shimadzu 
IRPrestige-21 Fourier transform infrared spectrophotometer. 
Transmission electron microscopy observation. In TEM imaging test, 
different solutions were first prepared in deionized water and deposited on a 
thin copper-support film, followed by drying in vacuo. Images of the samples 
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were obtained with JEOL JEM 3010 HRTEM microscope and operated at 100 
kV without any contrast agent. 
Measurement of dynamic light scattering. The dynamic light scattering 
was measured at 25℃ in deionized water using quartz cell. DMSO solution of 
caffeine was slowly added to water (1% (v/v)) and gives 10 M concentration. 
All measurements were performed in triplicate in Zetasizer Nano ZS. 
Reverse-phase syringe-based caffeine extraction procedure. Reverse 
phase solid phase extraction (SPE) syringe was prepared by breaking two 
OROCHEM 3 mL C4 SPE cartridges (200 mg, 3 mL size) and inserting the 
reverse phase gel into a BRAUN Injekt 5 mL/Luer Solo syringe. The syringe 
was first blocked with one frit and input with gel; after then another frit was 
inserted to cover the top and packed tightly. The SPE syringe was first rinsed 
with 75 % EtOH in H2O (2 mL) to fully swell the gel. Caffeine was adsorbed 
onto gel surface by pushing 5 mL of beverage samples through the SPE 
cartridge. The SPE cartridge was washed sequentially with 1 mL of 1 mM 
K2CO3 and 1 mL of H2O, followed by elution with 1 mL of 15 % EtOH in 
water. The eluent was collected in a glass tube containing 15 L 1 mM dye 
solution and 100 L EtOH. The mixture was visualized with a green laser 
pointer (5 mW, 532 nm, Aurora). 
Caffeine extraction procedure on a disc. Reverse phase SPE was 
prepared by packing 40 mg C4 gel on a disc. The reverse phase SPE was 
rinsed with 0.4 mL of 75 % EtOH in H2O and caffeine was adsorbed on SPE 
by transferring 1 mL beverage through the cartridge. The SPE was washed in 
sequence with 1 mM K2CO3 (0.2 mL) and H2O (0.2 mL), followed by elution 
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3.1 Introduction to milk fat and milk quality control 
Milk, produced mainly by the mammary glands of mammals, is a white 
emulsion liquid serving as the primary nutrition source for infant mammals at 
the stage when they are unable to swallow and digest other types of food. 
While its nutritional values has long been recognized by our ancestors 
thousands of years ago,  milk is nowadays consumed regularly by over 6 
billion people throughout the world.1 Today the whole dairy field, including 
production, procession and delivery, has become an astonishingly huge 
industry that occupies billions of dollars annually.2 The primary constitution of 
milk is the colloid of butterfat globules dispersed within an aqueous solution 
that forms an emulsion, within which carbohydrates (mainly lactose), various 
protein aggregates and mineral elements are dissolved to form a colloid.3 Not 
surprisingly, because milk is produced as the major food source for the new-
borns, all of its constituents are functioning as beneficial nutrients for the 
healthy growth of the new-borns. Some of the principle ingredients listed here 
are:4,5  
1. energy sources including milk fat, lactose and proteins. Normal and healthy 
bovine milk fat contain at least 3.25% fat in whole. Protein content is within 
the range of 30-35 grams per litre, among which more than 80% is arranged in 
casein micelles. 
2. various non-essential amino acids synthesized within the body through the 
supply by milk proteins;  
3. Carbohydrates. Bovine milk contain 4.8% anhydrous lactose in average; 
4. Salts and minerals, including calcium, magnesium, potassium, sodium, 
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key elements of milk fat. Hence through careful calibration and internal 
reference, the measurement of milk fat concentration can be performed using 
the infrared absorption devices. Various brands of infrared milk fat detectors 
have been commercialized so far, nevertheless, their high prices and 
sophisticated configuration prevent their prevalence, especially in resource 
limited regions. Another important yet simple method of milk fat estimation is 
lactometer approach. Because milk fat is lighter than water, more milk fat 
indicates less density of the milk and hence through density measurement the 
milk fat amount can be estimated. However, this method lacks accuracy and 
could be easily influenced by other factors, such as adulteration. Table 3.1.1 
summarizes all the three commonly applied milk fat determination methods. 




























Cost (USD$) 5,000-20,000 <1 200-500 
Remark Sensitive but 
costly 
Too primitive Sensitive but 
hazardous 
 
3.2 Development of an image based hyper throughput screening platform 
Small molecule fluorescent probes, due to its outstanding sensitivity and 
selectivity, as well as its straightforward signal output and operation, has 
attracted significant interests.13-15 Our group has pioneered Diversity-Oriented 
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Fluorescence Libraries Approach (DOFLA), which is the world’s largest 
fluorescent dye toolbox collection and has proven its widespread applications 
in both biological and environmental sensor development.16-23 During the 
phase I fluorescent sensor development, we have constructed an unbiased 
high-throughput screening platform. With such a platform, we can quickly 
screen thousands of fluorescent dyes towards over fifty biologically important 
analytes. Caffeine sensor was our accomplishment by then. However, this 
robust system is yet too rigid should we look for the sensor of a newer or more 
important analyte, for instance if any environmental pollutant outbreaks or any 
disease spreads. Therefore we should foresee a more robust system that could 
quickly cover all the libraries within short time, yet produce feasible results 
for rapid analysis. 
In this regard, we designed and formulated a fluorescence image-based 
screening and selection method. The key principle is straightforward: with 
ultraviolet (UV) excitation, majority of the fluorophores can be excited and 
emit fluorescence signals; moreover, UV light is not observable by either 
naked eyes or camera sensors. Therefore the background is restricted to the 
fluorescent dyes, not any signal from the irradiating light source. A hyper-
throughput sensor development process was built as follows: Firstly, we setup 
a black box with formalized signal detection system. The box consists of a 
sample chamber with a signal concentration chamber on the top. The black 
box is fit with two excitation light sources (UV) and one sample holder (for 
plates or cuvettes), with their positions and distances carefully adjusted to 
render a best effect: signal concentration chamber could diminish ambient 
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The image is taken in a Greiner U-shape 96 well black plate and the exposure 
time is 30s. MO concentration is 10 M. 
 
Further analysis of the MO-milk response spectra reveals that skim milk 
displays very dim signal with MO, which is almost invisible through naked 
eyes; with increment of milk fat, mixture of two emission peaks (580 nm and 
640 nm) gives an orange fluorescence (Figure 3.3.2D). 580 nm emission was 
selected to afford linearity check due to its higher intensity and better linearity. 
The emission signals exhibit highly linear response towards milk fat, with the 
Pearson coefficient of determination R2 more than 0.99. It indicates that MO 
has great potential to be directly applied to quantitatively measure fat amount 
in milk samples. 
 
3.4 Interaction mechanism studies 
To understand the sensing mechanism of MO-milk interaction, we 
performed both 19F nuclear magnetic resonance (NMR) and dynamic light 
scattering (DLS) studies. It is known that BODIPY displays an important 
aggregation feature in aqueous solutions due to its highly hydrophobic 
nature.29,30 In aqueous environment, BODIPY dyes are surrounded by water 
molecules and hence are forced to compile together and create self-quenched 
non-fluorescent aggregates. On the other hand, milk fat is primarily composed 
of triglyceride molecules, which could create perfect hydrophobic 
environment for BODIPY dyes. It is highly reasonable that MO alone in 
aqueous solution would not reveal fluorine signal in NMR spectroscopy due to 
its aggregated conformation. Thus addition of fat molecules should visualize 
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Table 3.5.1. Comparison of fat concentrations acquired from fluorescence 
measurement and ingredient tables listed on milk package. 
 
Brands of milk 





Protein Carbohydrate Fat  Fat 
Greenfields® Skim 3.9 4.2 0.1 0.10± 0.01 
 Low fat 4.0 3.9 1.3 1.31± 0.01 
 Fresh 4.0 3.9 3.7 3.69± 0.02 
Pura® Skim 4.0 5.4 0.1 0.11 ± 0.01 
 Low fat 3.6 5.0 1.4 1.42± 0.01 
 Fresh 3.2 4.9 3.4 3.42± 0.02 
Meiji® Skim 3.2 6.9 0.1 0.10± 0.01 
 Low fat 3.2 7.0 1.2 1.18± 0.01 
 Fresh 3.3 5.0 4.1 4.09± 0.02 
Farmhouse® Low fat 4.0 5.5 1.5 1.52± 0.01 
 Fresh 3.2 4.8 3.8 3.80± 0.02 
Marigold® Low fat 5.0 5.3 1.0 1.00± 0.01 
 Fresh 3.5 5.0 3.6 3.59± 0.01 
Magnolia® Low fat 3.7 5.0 1.5 1.52± 0.00 
 Fresh 4.0 5.0 4.0 3.98± 0.01 
Daisy® Low fat 3.5 5.2 1.0 1.00± 0.01 
 
3.6 Development of a simplified milk fat detector. 
Prior to MO, no fluorescent milk fat sensor has been reported, not to 
mention any practically applicable and customer-friendly fluorescence milk fat 
detector in the market. In order to fully maximize the potential of MO, we 
incorporated it with an easily achievable and handy fluorescence detector. In 
brief, the detector is composed of one light source, one light passing channel 
and one grating fluorescence detector connected to a computer (Figure 3.6.1). 
For experimental purpose, we adopted one white light emitting diode (LED) 
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detector-all of them easily identified. To achieve an even cheaper and handy 
model, we can replace the excitation LED light with a green lamp and modify 
the fiber-sample set to a simple sample holder, which allows detection at its 
perpendicular angle to the excitation light. The whole set of detector can thus 
be packed into a box no bigger than a laptop. Further to this fat sensor, we can 
easily adapted this device to any other fluorescence sensors by changing the 
excitation light. Through mass production, this device can be cheaper and even 
further modified to meet requirements from customers. 
The fluorescence sensor and its associated milk fat detection process 
developed in our group has several key advantages: (I) the milk fat 
measurement is almost instant. Any non-trained hands can dilute milk with 
water and check its fluorescence color change while mixing with MO, as soon 
as they wish to enjoy milk or control its quality. (II) The measurement process 
is safe and customer-friendly. No organic solvent is involved in the detection. 
(III) MO shows great selectivity and adaptability. It is proved that the 
measurement could be conducted in milk from various origins with largely 
different amounts of protein, carbohydrates and other ingredients. The 
remarkable selectivity of MO could greatly reduce the efforts to extract fat 
from milk. (IV) The perfect linear dose-dependent response renders direct 
quantitation of fat amount in any milk sample. Thus the sensor could provide 
clear guidance to the customers. (V) The simple and handy milk fat detector 
serves as a bridge that links fluorescence device with fluorescence sensors and 





In summary, on the basis of our phase I unbiased high-throughput screening 
platform, we have designed and developed the phase II image-based hyper-
throughput screening platform. Through the fluorescence image-based hyper-
throughput screening approach, we have identified MO as a novel and 
unprecedented milk fat sensor, which exhibits remarkable fluorescence turn-on 
feature towards fat content. Prior to this fluorescent sensor, no easy milk fat 
detection method could be found. Therefore this method has fulfilled the 
mission of fluorescent sensor generation for eccentric analytes. The 
fluorescence intensity of MO is following a perfect linear dose-dependent 
feature with regards to fat amount, which greatly facilitates milk fat 
quantitation. The sensing process is based on disaggregation of MO 
aggregates in aqueous solution, which results in significant optical changes. 
Furthermore, the selectivity and versatility of MO has proven its great 
potential of wide application to milk from various origins with various quality. 
The combination of MO with a simple fluorescence detector has opens a new 
window to practically apply various fluorescence sensors into real life testing. 
In total, MO provides a convenient tool for rapid on-site milk fat detection, 
which could greatly help improve the current milk quality control process.  
 
3.8 Experimental Details 
Materials and Methods: All the chemicals were purchased from Sigma 
Aldrich, Fluka, MERCK, Acros and Alfa Aesar and they were directly used 
without further purification. The milk samples were purchased from local 
supermarket and their parameters were listed below. Normal phase column 
chromatography purification was carried using MERCK silica Gel 60 (Particle 
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size: 230-400 mesh, 0.040-0.063 mm). HPLC-MS was taken on an Agilent-
1200 with a DAD detector and a single quadruple mass spectrometer (6130 
series). The analytical method, unless otherwise indicated, is A: H2O (0.1% 
HCOOH), B: CH3CN (0.1% HCOOH), gradient from 10 to 90% B in 10 
minutes; C18 (2) Luna column (4.6 * 50 mm2, 3.5 m particle size). 1H-NMR, 
13C-NMR and 19F-NMR spectra were recorded on Bruker Avance 300 NMR 
and 500 NMR spectrometers, and chemical shifts are expressed in parts per 
million (ppm) and coupling constants are reported as a J value in Hertz (Hz). 
Spectroscopy was performed using a fluorimeter and UV/Vis instrument, 
SpectraMax M2, Molecular Devices. All the data analysis was performed 
using GraphPrism 6.0 software. 
Synthesis of Milk Orange (Figure 3.8.1):  BODIPY precursor 1’ (25 mg, 
60 mol) and thiophene-2-carbaldehyde 2’ (27 mg/21 L, 240 μmol, 4 equiv.) 
were dissolved in 2.5 mL acetonitrile, with 4 equiv. of pyrrolidine (29 μL) and 
4 equiv. of acetic acid (20 μL). The mixture was shaken at 95 oC for 5 minutes, 
followed by immediate cooling down to 0 oC. The resulting crude mixture was 
concentrated under vacuum and purified by flash column chromatography on 
silica gel (dichloromethane-methanol: 9.8:0.2) to afford 3’ as a dark purple 
solid (12.5 mg, 24 mol, 40% yield, 99.9% purity, Figure 3.8.2). 1H NMR 
(500 MHz, CDCl3) δ 7.47 (s, 1H), 7.46 (s, 1H), 7.43 (s, 1H), 7.38 – 7.32 (m, 
2H), 7.06 (s, 1H), 6.88 (d, J = 3.9 Hz, 1H), 6.69 (s, 1H), 6.31 (d, J = 3.9 Hz, 
1H), 4.78 (s, 2H), 3.39 (t, J = 7.5 Hz, 2H), 2.96 (t, J = 7.5 Hz, 2H), 2.30 (s, 
3H). 13C NMR (126 MHz, CDCl3) δ 171.03, 157.27, 155.73, 143.03, 139.38, 
136.80, 133.75, 132.51, 127.24, 126.75, 126.38, 125.52, 122.12, 118.72, 



























Figure 3.8.1. HPLC and HRMS characterization of MO. (a) chromatogram of 
MO. It indicates that MO purity is more than 99%. HPLC conditions: A: H2O-
HCOOH: 99.9:0.1. B: CH3CN-HCOOH: 99.9:0.1; gradient 5% B to 95% B 
(10 min), isocratic 95% B (2.5 min). Reverse phase Phenomenex C18 Luna 
column (4.6 x 50 mm2) 3.5m, flow rate: 1.0 mL/min. (b) HRMS of MO. 
 
Milk fat measurement procedures: In high-throughput screening approach, 
black Greiner 96-well plates were pre-filled with the fluorescence dyes from 
DOFL at 1 nmol quantity and were dissolved in 1 L DMSO to make 1 mM 
solution. In each well, 98 L DI water was added, mixed well and the plate 
image was taken one time as dye background. After taking image, 1 L of 
milk sample was added into the well, mixed well and the plate image was 
taken again. Both images were imported into Adobe Photoshop program and 
compared side-by-side to grant discovery of potential hit compounds. In other 
non-plate tests such as cuvettes, 1 mM sensor solution was first prepared and 
diluted with DI water, followed by addition of milk (1% (v/v)). The samples 
were then inserted into SpectroMax M2 plate reader or measured by 
constructed fat detector. 365 nm UV excitation was applied in all image-based 
high-throughput screening whereas 530 nm excitation was used when 
measuring the spectra of Milk Orange. 
Quantum yields measurement: Quantum yield for MO was measured by 
dividing the integrated emission area of their fluorescent spectrum against the 
area of Rhodamine B in DMSO excited at 500 nm (Φrho-B = 0.49). Quantum 
yield was then calculated using equation (1), where F represents the integrated 
emission area of fluorescent spectrum, η represents the refractive index of the 
solvent, and Abs represents absorbance at excitation wavelength selected for 
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Dynamic light scattering measurement: The dynamic radius of MO-milk 
samples was measured at 25℃ in deionized water using quartz cell. 1 mM 
DMSO solution of MO was slowly added to water (1% (v/v)) and gives 10 
M concentration. Milk samples were also added to the solution (1% (v/v)) 
and mixed well. All measurements were performed in triplicate in Zetasizer 
Nano ZS. 
Construction of milk fat detector: each single piece of detector components 
were purchased separately. The ultra high power LED Light was bought from 
Prizmatix and emits bright white light covering 400-700 nm spectrum. The 
green light filter (520 +/- 5 nm) was purchased from ASAHI. Both optical 
fiber and the grating fluorescence detector were purchased from Ocean Optics. 
During measurement, just dipping the probe inside the sample, its spectra from 
400-1100 nm could be instantly shown on the computer for analysis. 
Detailed ingredients of all milk brands tested: 
Table 3.8.1. Greenfields® ingredients 
















Energy 163 kcal 65 kcal 110 kcal 44 kcal 82 kcal 33 kcal 
Protein 10.1 g 4.0 g 10.1 g 4.0 g 9.8 g 3.9 g 
Total fat 9.3 g 3.7 g 3.4 g 1.3 g 0.3 g 0.1g 
-Trans Fat 0.0 g 0.0 g 0.0 g 0.0 g 0.0 g 0.0 g 




Cholesterol ~ ~ 11.4 mg 4.6 mg 0mg 0 mg 
Carbohydrate 9.8 g 3.9 g 9.8 g 3.9 g 10.5 g 4.2 g 
Sugars 8.5 g 3.4 g 7.8 g 3.1 g 7.8 g 3.1 g 
Dietary Fibre 0.0 g 0.0 g 0.0 g 0.0 g 0.0 g 0.0 g 
Sodium 89 mg 36 mg 86 mg 34 mg 95 mg 38 mg 
Vitamin B1 0.15 mg 0.06 mg 0.16 mg 0.06 mg 0.16 mg 0.06 mg 
Vitamin B2 0.34 mg 0.13 mg 0.31 mg 0.12 mg 0.31 mg 0.12 mg 
Calcium 375 mg 150 mg 378 mg 151 mg 370 mg 148 mg 
Iron 1.4 mg 0.6 mg 1.2 mg 0.5 mg 0.7 mg 0.3 mg 
Phosphorus 191 mg 76 mg 197 mg 79 mg 188 mg 75 mg 
Magnesium 23.5 mg 9.4 mg 24.3 mg 9.7 mg 23 mg 9 mg 
Zinc 0.9 mg 0.4 mg 0.9 mg 0.4 mg 0.8 mg 0.3 mg 
Potassium 313 mg 125 mg 331 mg 133 mg 334 mg 134 mg 
 
Table 3.8.2. PURA® ingredients 

















Energy 156 kcal 63 kcal 118 kcal 47 kcal 97 kcal 39 kcal 
Protein 8.0 g 3.2 g 9.0 g 3.6 g 10.0 g 4.0 g 
Total fat 8.5 g 3.4 g 3.5 g 1.4 g 0.25 g 0.10 g 
100 
 
-Trans Fat 0.5 g 0.2 g 0.3 g 0.1 g 0.03 g 0.01 g 
-Saturated 
Fat 
5.5 g 2.2 g 2.3 g 0.9 g 0.15 g 0.06 g 
Cholesterol ~ ~ ~ ~ 7.5 mgL 3.0 mg 
Carbohydrate 12.2 g 4.9 g 12.5 g 5.0 g 13.5 g 5.4 g 
Sugars 12.2 g 4.9 g 12.5 g 5.0 g 13.5 g 5.4 g 
Sodium 110 mg 44 mg 115 mg 46 mg 125 mg 50 mg 
Vitamin D ~ ~ 2.0 ug 0.8 ug ~ ~ 
Vitamin B2 500 ug 200 ug 0.31 mg 0.12 mg ~ ~ 
Calcium 295 mg 118 mg 500 mg 200 mg 350 mg 140 mg 
Phosphorus 232 mg 93mg 197 mg 79 mg ~ ~ 
 
Table 3.8.3. Meiji® ingredients 
















Energy 140 kcal 70 kcal 103 kcal 52 kcal 83 kcal 41 kcal 
Protein 6.6 g 3.3 g 6.4 g 3.2 g 6.4 g 3.2 g 
Total fat 8.2 g 4.1 g 2.4 g 1.2 g 0.2 g 0.1 g 
-Trans Fat ~ ~ 0.0 g 0.0 g 0.0 g 0.0 g 
-Saturated 
Fat 
4.8 g 2.4 g 1.8 g 0.9 g 0.2 g 0.1 g 
Cholesterol 23.0 mg 11.5 mg 9 mg 5 mg 4 mg 2 mg 
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Carbohydrate 10.0 g 5.0 g 14.0 g 7.0 g 13.8 g 6.9 g 
-Sugars ~ ~ 14.0 g 7.0 g 13.8 g 6.9 g 
Dietary Fibre 0.0 g 0.0 g 0.0 g 0.0 g 0.0 g 0.0 g 
Sodium 89.2 mg 44.6 mg 67 mg 33 mg 66 mg 33 mg 
Calcium 218 mg 109 mg 302 mg 151 mg 374 mg 187 mg 
 
Table 3.8.4. Farmhouse® ingredients 
Farmhouse Fresh milk High Calcium Low fat 
 Per serving Per 100mL Per serving Per 100mL 
Energy 165 kcal 66 kcal 130 kcal 52 kcal 
Protein 8.0 g 3.2 g 10.0 g 4.0 g 
Total fat 9.5 g 3.8 g 3.8 g 1.5 g 
-Trans Fat 0.5 g 0.2 g 0.5 g 0.2 g 
-Saturated Fat ~ ~ 2.3 g 0.9 g 
Cholesterol ~ ~ 13 mg 5 mg 
Carbohydrate 12.0 g 4.8 g 13.8 g 5.5 g 
Dietary Fibre ~ ~ 0.0 g 0.0 g 
Sodium 89.2 mg 44.6 mg 123 mg 49 mg 
Calcium 300 mg 120 mg 500 mg 200 mg 
 
 
Table 3.8.5. Magnolia® ingredients 
F&N Magnolia Fresh milk High Calcium Low fat 
 Per serving Per 100mL Per serving Per 100mL 
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Energy 180 kcal 72 kcal 120 kcal 48 kcal 
Protein 10.0 g 4.0 g 9.3 g 3.7 g 
Total fat 10.0 g 4.0 g 3.8 g 1.5 g 
-Trans Fat 0.5 g 0.2 g 0.5 g 0.2 g 
-Saturated Fat ~ ~ 2.3 g 0.9 g 
Cholesterol ~ ~ 13 mg 5 mg 
Carbohydrate 12.5 g 5.0 g 12.5 g 5.0 g 
Dietary Fibre ~ ~ 0.0 g 0.0 g 
Sodium 89.2 mg 44.6 mg 123 mg 49 mg 
Calcium 300 mg 120 mg 500 mg 200 mg 
Vitamin D3 ~ ~ 1.7 mcg 0.7 mcg 
 
Table 3.8.6. Marigold® Fresh ingredients 
MARIGOLD Fresh milk 100% fresh  
Per serving Per 100mL 
Energy 134 kcal 67 kcal 
Protein 7.0 g 3.5 g 
Total fat 7.2 g 3.6 g 
-Trans Fat 0.2 g 0.1 g 
-Saturated Fat 4.8 g 2.4 g 
Carbohydrate 10.0 g 5.0 g 
Sodium 70 mg 35 mg 
Calcium 240 mg 120 mg 
 
Table 3.8.7. Marigold® fresh ingredients 
MARIGOLD HL High Calcium Low fat 
Low in Lactose with 9 Vitamins 
Per serving Per 100mL 
Energy 100 kcal 50 kcal 
Protein 10 g 5 g 
Total fat 2.0 g 1.0 g 
-Trans Fat 0.06 g 0.03 g 
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-Saturated Fat 1.4 g 0.7 g 
Cholesterol 8 mg 4mg 
Carbohydrate 10.6 g 5.3 g 
-Lactose 2.4 g 1.2 g 
Dietary Fibre 0.0 g 0.0 g 
Sodium 152 mg 76 mg 
Calcium 400 mg 200 mg 
Vitamin A 375 mcg 188 mcg 
Thiamine (Vit B1) 1 mg 0.5 mg 
Pyridoxine (Vit B6) 2 mg 1 mg 
Vitamin C 30 mg 15 mg 
Vitamin D3 2.5 mcg 1.3 mcg 
Vitamin E 6 mg 3 mg 
Vitamin K1 27 mcg 13.5 mcg 
Niacin  11 mg 5.5 mg 
Pantothenic Acid 7 mg 3.5 mg 
 
Table 3.8.8. Daisy® ingredients 
F&N Daisy 99% Fat Free 
Per serving Per 100mL 
Energy 110 kcal 44 kcal 
Protein 8.8 g 3.5 g 
Total fat 2.5 g 1.0 g 
-Trans Fat 0.13 g 0.05 g 
-Saturated Fat 1.3 g 0.5 g 
Cholesterol 8 mg 3 mg 
Carbohydrate 13.0 g 5.2 g 
-Sugars 9.3 g 3.7 g 
-Lactose 6.0 g 2.4 g 
Dietary Fibre 0.0 g 0.0 g 
Sodium 113 mg 45 mg 
Calcium 500 mg 200 mg 
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Vitamin A 470 ug 188 ug 
Thiamine (Vit B1) 1.3 mg 0.5 mg 
Nicotamide (Vit B3) 10.0 mg 4.0 mg 
Pantothenic Acid (Vit B5) 8.8 mg 3.5 mg 
Pyridoxine (Vit B6) 2.5 mg 1 mg 
Vitamin C 38.0 mg 15.0 mg 
Vitamin D3 3.3 ug 1.3 ug 
Folate 250 ug 100 ug 
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causing direct health issues to human beings.1,2,8-14 Raised from both 
anthropological and natural sources, these species can be discovered in soil, 
reservoir water and ocean environment.15-23_ENREF_8 Among these metal ions, 
cadmium (Cd), mercury (Hg) and lead (Pb) are common metals associated 
with acute heavy metal toxicity, where exposure to either metal is extremely 
neurotoxic and brings about neurological damages to humans, especially 
pregnant women and their infants.24,25 In developing brains, heavy metal ions 
mostly accumulate there and are found to disrupt the protein/peptide 
secondary structures, thus causing the formation of diseased conformations, 
such as A amyloid.26,27 The relationship between heavy metal ions, especially 
Zn2+ and Cu2+, and neurodegenerative diseases has been systematically 
studied.28 Local accumulation of Zn2+ in brains result in the rapid induction of 
Alzheimer amyloid structures.29,30 Other heavy metal-induced human health 
detriments include disruption of osteoblast metabolism and generation of 
reactive oxygen species.31,32 In fact, due to their recalcitrant existence in 
environment and resistance towards common filtration-based removal 
methods, heavy metal ion pollution has haunted most developed countries.33,34 
Representative approaches range from spectroscopic detection, such as 
atomic absorption spectrophotometric method35,36 and luminescent 
recombinant bacteria sensors,37,38 to newly developed absorptive stripping 
voltammetry measurements39 and DNA-based biosensors.40,41 Among these 
detection techniques, fluorescence optical approach shows unique potential for 
high sensitivity and selectivity, cheap and easy handling instruments, and 
tunable emission range.42-45 Versatile fluorescent sensors have been developed 
for various heavy metal ions. Their functions have also evolved from early-
111 
 
period in vitro quantification for selective heavy metal ions to current-stage 
systematic metallobiology and live-body imaging.46-60 The implementation of 
sensor array techniques has greatly augmented the feasibility of heavy metal 
ion detection.61,62 Developed from colorimetric chemosensing ensembles that 
recognize paradigm shifts, sensor array technique has rapidly matured and 
could achieve complicated analytes differentiation and quantification.63-70 
Coupled with principle component analysis (PCA) techniques, sensor arrays 
can now act as an effective detection tool for large amount of data in 
sophisticated environment, such as analysis of toxic gas or drugs.71-75 
The key to an effective sensor array device lies in sufficient discrimination 
with least required number of sensor elements. Previously our group has 
demonstrated rational design of sensor arrays for the efficient identification of 
carbohydrates,76,77 metal ions78,79 and water samples.80 We have noticed that 
most of the sensor array devices focused on in vitro analysis and the 
application of these array systems in biological environments were seldom 
reported. In this current chapter, we will report the rational construction of a 
small styryl-based sensor array, using differentiated fluorophores and metal 
chelators as building blocks, which we have coined as the Singapore Tongue 
(SGT). Using the tongue as a metaphor, heavy metal sensing events by SGT is 
almost synonymous to a myriad of flavors recognized by a combination of 
hundreds of tongue sensing buds. By optimizing the sensing paradigm, we 
demonstrate the identification and differentiation of 10 different heavy metal 
ions with high selectivity and sensitivity using not just visualization by the 
naked eyes, but also PCA analysis. Among these 10 heavy metal ions, 7 are 
selected to afford a dose-dependent PCA measurement and the corresponding 
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curve data can be applied to semi-quantitatively analyze the identity and 
amount of metal ion species in the water samples. Most importantly, a safe 
zone model has been firstly reported in this study, which shows a possible 
integrated solution to the water quality control, especially in drinking water. 
Finally, we have also pursued the application of SGT to achieve Zn2+ imaging 
in amyloid plaques of Alzheimer’s mouse. 
 
4.2 Rational design of a styryl-based fluorescent sensor array for heavy 
metal ions 
Styryl combinatorial chemistry was conducted here owing to its strong 
advantages for the rational design and synthesis of metal sensor array.81,82 
Firstly, the chemistry is very simple: just one-condensation reaction between 
pico-/quinolinium salts and benzaldehyde blocks to make the final product. 
Secondly, every styryl product has fully conjugated fluorophore structure with 
metal receptor, which means sensor fluorescence could be directly affected by 
proper binding with specific metal cation through intramolecular charge 
transfer (ICT) mechanism.83-85 Third, the styryl dyes showed very long Stokes 
shift (>100nm) and have a positive charge, which enhances solubility in water 
and permeability through living cell membrane. Metal chelators were inspired 
from the structure of N, N, N’, N’-tetrakis(2-pyridylmethyl)ethylenediamine 
(TPEN), one of the strongest transition metal chelators.86 Their multiple lone 
pairs of electrons allow effective ICT-based fluorescence turn on/off by 
interacting with metal ions. 
Three different fluorophores, picolinium, quinolinium and BODIPY, with 
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well as measured fluorescence response of the array-metal ion mixtures in a 
96-well plate format. Black Greiner 96-well plates were pre-filled with the 
sensors row by row, and were later treated with heavy metal ion solutions 
column by column. Hence, the whole preparation process can be partially 
high-throughput and easily applicable for non-trained hands. To facilitate for 
common usage, we fixed the excitation wavelength at 365 nm, which is the 
normal wavelength of a UV lamp. 
One important goal for developing such a sensor array is to facilitate the 
on-site identification of different metal ions, which requires the sensors to bear 
dramatic wavelength shift or intensity change upon metal ion activation. By 
irradiating the sensor-metal ion mixture with UV lamp, we can observe that 
the sensors bear very weak fluorescence (SGT1-3) or no fluorescence (SGT4-
5) (Figure 4.3.1), which ensures much room for fluorescence change. In order 
to understand fluorescence response changes, we analyze our observations 
from two perspectives: the sensors and the heavy metal ions. 
SGT1 is weakly fluorescent blank and its intrinsic maximal emission lies at 
580 nm. The pale yellow fluorescence is brightest among the five sensors, 
which could be attributed to its metal chelator. The small-sized TPEN chelator 
allows partial conjugation even at the absence of heavy metal ions, thus 
leading to weak fluorescence. Moreover, the picolinium fluorophore does not 
attract lone pair electrons very efficiently as compared with quinolinium and 
BODIPY, which adds up to the intrinsic fluorescence. This is also exhibited by 
the blank emission of SGT2 & SGT3. SGT4 & SGT5, on the other hand, 
show no fluorescence emission with blank, indicating their loosened structure 
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features. Firstly, their absorbance were measured to afford clear 
excitation/emission wavelengths (Figure 4.3.2). As is known, absorbance is 
also related to fluorescence emission. SGT1 exhibit clear wavelength shift 
towards Hg2+, Fe3+ and Cr3+, with the other heavy metal ions mainly causing 
changes in its emission intensity. Not surprisingly, the smallest TPEN chelator 
among the five sensors only fits well with Fe3+ and Cr3+, which are smaller 
than the other eight heavy metal ions.91 Hg2+ is known to have very high 
binding affinity with most chelators due to its fully occupied d orbital 
electrons and non-occupied p electrons that could accept electron donation 
from chelators.92-94 In the case of SGT2 and SGT3 with larger-sized chelators, 
their charge transfer phenomena with Fe3+ and Cr3+ are significantly reduced. 
On the contrary, they exhibit much higher fluorescent responses with Pb2+ and 
Cd2+, which also have larger ion sizes. This in turn confirms the existence of 
strong charge tranafer phenomenon. The chelating structures of sensor-metal 
ion adducts are highly conjugated and solidified, which causes the emission 
intensity to increase. SGT4 and SGT5, on the other hand, exhibit much higher 
fluorescence intensity increase than SGT1-3, due to their intrinsic quenching 
state. Moreover, they show higher selectivity against Zn2+, Hg2+, Pb2+ and 
Cd2+, whose ion sizes fit well with the chelator size. By observing the 
fluorescence response pattern of these five sensors, we can acquire some 
ideas: first, the three picolinium sensors (SGT1-3) exhibit more versatile 
fluorescent responses against these 10 metal ions than SGT4 and SGT5; 
hence at the step of sensor array optimization we can first consider trimming 
SGT4 and SGT5. Second, by comparing SGT1, SGT2 and SGT3, it is clear 
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heavy metal ions. All SGT sensors are 10 M while metal ions are 90 M. 
The heavy metal ions were selected due to their larger responses than the rest 
three. 
 
Furthermore, we can acquire more information by analyzing the respective 
metal ion. Obviously, Zn2+, Hg2+, Pb2+ and Cd2+ responds to all the sensors, 
rendering them great potential to be separated apart from the rest metal ions. 
By measuring their fluorescence intensity change, we observe that all these 
metals follow a one-site saturation pattern with the sensors and have a broad 
linear response range, which can be used for quantification. Cu2+ specifically 
quenches all the sensors, which is due to its one-electron-deficient d orbital 
structure that strongly attracts all the excited state electrons. Co2+, Fe3+ and 
Cr3+, due to their small ion sizes, fit best with SGT1 and exhibit the pattern of 
ICT. The interaction of Fe3+, Cr3+ with SGT4 and SGT5 is not strong enough 
to affect the electronic states of the fluorophores and thus, shows no 
fluorescence. Hence, these three metal ions can be differentiated with SGT1-3. 
Ag+, due to its large ion size, could not interact with the sensors. Hence it does 
not significantly affect the electronic states and causes no substantial 
fluorescence change. Ni+, on the other hand, is in the state of low-field one-
electron-deficient state; hence it quenches the sensors fluorescence emission, 
especially in the case of SGT2. In total, we can clearly identify and 
differentiate these 10 different metals based on their color variations and 
intensity changes with a simple camera and naked eyes. 
 
4.4 Principle component analysis to afford quantitative data measurement 
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As known from Figure 4.4.1A, Zn2+, Hg2+, Pb2+ and Cd2+ show higher 
responses than the rest six ions, hence they localize separately and can easily 
be identified. By enlarging the region of the remaining six heavy metal ions, 
we can clearly observe that they can be differentiated and recognized as well. 
To acquire an even clearer resolution of the heavy metal ion differentiation, we 
plotted the graph using three principle components occupying ca. 95 % of the 
variance. We observe that within a 3-dimensional (3D) graph, all of the ions 
can be consistently and clearly identified, which confirms our previously 
postulations that this sensor array can be applied for heavy metal ion 
differentiation. 
 To acquire a better understanding how each sensor contribute to the 
analyte identification, as well as to optimize the sensor array size, we 
performed systematic analysis and tried to figure out the maximum potential 
of our sensor array. By analyzing the fluorescence response pattern, we 
concluded that though SGT4 and SGT5 could provide remarkable information 
in the wavelength range above 600 nm, they mainly respond to four ions, that 
are Zn2+, Hg2+, Pb2+ and Cd2+. These four heavy metal ions, on the other hand, 
are exhibiting clear responses with SGT2 and SGT3. We can therefore assume 
that the combination of SGT2 and SGT3 could supply sufficient 
differentiation capacity towards these four ions while removal of SGT4 or 
SGT5 will not significantly affect the separation. First we tried to remove 
SGT4 since its contribution to differentiating Zn2+, Hg2+, and Cd2+ is less 
significant than SGT5, tough it provides Pb2+ signal. When comparing the 
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The two series of PCA analysis we performed indicated that in either case, 
the ten heavy metal ions can be clearly identified and differentiated, which 
confirms our postulations. Encouraged by the trials, we move on to further 
optimize the heavy metal ion sensor array. We assume that removing both 
SGT4 and SGT5 would not affect the differentiation. By performing PCA plot 
of only SGT1-3, we again successfully achieved the clear differentiation of 10 
heavy metal ions. As expected, separation of Zn2+, Hg2+, Pb2+ and Cd2+ was 
even more significantly reduced. The remaining 6 heavy metal ions were not 
influenced much, confirming our presumptions that their separation is mainly 
achieved by SGT1-3. Worth noticing here is, Ag+, Ni+, Co2+ and Cu2+ are 
highly adjacent to control, indicating their similar fluorescence responses that 
may cause obstacles in the process of further optimization. 
To elucidate the contributions of SGT1, SGT2 and SGT3, we performed 
comprehensive examinations. By analyzing the three sensors’ response 
pattern, we can group them into two batches: SGT1 and SGT2-3. As both 
SGT2 and SGT3 display similar responses towards the ten heavy metal ions, 
PCA analysis is required to differentiate them. First, we tried to compare the 
patterns after removing either SGT2 or SGT3. We can clearly see that either 
action causes similar influence towards the heavy metal ions distribution. As 
Hg2+ stands out furthest away from the rest of the ions, Pb2+, Zn2+ and Cd2+ 
can be categorized into one batch, which is also separated from the remaining 
6 heavy metal ions. Among these leftover 6 ions, Fe3+ and Cr3+, due to their 
higher fluorescence responses, can be easily identified, whereas the other 4 
heavy metal ions can also be spotted after enlargement. After concluding that 
removing SGT2 or SGT3 does not significantly reduce the differentiation 
125 
 
capacity, we proceeded to remove SGT1 and test the differentiation capacity 
of SGT2 and SGT3 only. The heavy metal ions distribution pattern is 
remarkably different from that of the other two trials. Most prominently, the 
distance between Hg2+ and control is greatly reduced, while Pb2+ is further 
away from control. This is attributed to the remarkable responses of SGT2 and 
SGT3 towards Pb2+. Co2+, Cu2+ and Ni+ exhibit trivial responses towards 
either sensor, hence they also exhibit highest overlapping pattern and can only 
be identified in the enlarged graph. Taken together, we conclude that 
combination of either two sensors among SGT1, SGT2 and SGT3 can render 
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sensors provide differentiation information towards the 10 heavy metal ions. 
Starting from SGT1, we can easily identify Hg2+ since it shows highest 
response. Co2+, Pb2+, Cd2+ and Ag+, based on their extremely similar 
fluorescence patterns, prove to be hard to differentiate. One important feature 
of our sensor array is the remarkable emission wavelength shift, which can be 
represented by the application of various recording channels. A red shift will 
result in the amplification of signals from higher wavelength channels (yellow 
(580 nm) or red (630 nm)), while a blue shift causes signal amplification in 
lower wavelength channels (blue (480 nm) or green (530 nm)). With the help 
of these signal amplifications, even trivial wavelength shift and emission 
intensity change can be recorded and expressed as visualized format. Suffice 
to say, though it is difficult to identify Zn2+, Ag+, Pb2+, Cd2+ and Co2+ just 
based on the fluorescence pattern, we can differentiate them on PCA plot. 
On the other hand, by analyzing the fluorescence patterns of SGT2 and 
SGT3 separately, we observe that either sensor could provide more explicit 
differentiation capacity than SGT1. As we have expected, the PCA plots show 
that Zn2+, Hg2+, Pb2+ and Cd2+ can be easily separated from the rest of the 
heavy metal ions, while the other ions can also be identified. Cu2+, Co2+ and 
Ni+, as they basically show overlapped pattern on PCA plot, can be selected 
out on an enlarged PCA plot. In total, we have achieved differentiation of 10 
heavy metal ions using one sensor from a sensor array. However, our goal is 
not only differentiating these 10 heavy metal ions, but also identifying them 
based on the fluorescence response pattern, which cannot be accomplished 
with only one sensor. Zn2+, Hg2+, Pb2+ and Cd2+, due to their remarkable 
universal responses to SGT2-4, rendering them clear identification capacity by 
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naked eyes. Cu2+ has strong quenching effects towards all the 5 sensors, thus it 
is the most distinct among the 10 heavy metal ions. Co2+, due to its small size, 
can be recognized by SGT1 and thus show fluorescence emission. Fe3+, Cr3+, 
Ag+ and Ni+ mainly respond to SGT1-3 and can also be identified based on 
their color difference or intensity change, though based on the intensity 
change, Fe3+ shows slightly higher emission intensity than Cr3+. Thus, we 
conclude that these 10 heavy metal ions can be visually identified with the 
help of our sensor array. 
 
4.5 Establishing a “safe zone” prototype 
To further utilize the sensor array, we performed PCA analysis that 
incorporates all the concentration-based responses of heavy metal ions. In this 
case, because Ni+, Co2+ and  Ag+ are relatively less responsive than the rest 7 
heavy metal ions, hence we exclude them from this analysis. Figure 4.5.1 
shows responses that is composed of average PCA scores for each 
concentration of these metal ions. Based on this graph, it is possible to 
discriminate these heavy metal ions in a concentration range from 0.1 to 90 
M, which covers the typical metal ion pollution scope in waste water 
according to toxicity characteristic leaching procedure (TCLP) standards.14 All 
data points from each single heavy metal ion were connected by same colour 
lines to render a better display of these separation. Not surprisingly, all the 
connected lines originated from a similar point, at which the metal ion 
concentration is 0 M. At lower metal ion concentrations, the data points stay 
closer to each. With the increase of concentrations, all these seven heavy metal 
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Sample 1 - 50 Hg2+ Sample 2 - 25Hg2+ Sample 3 - 12.5Hg2+ 
Sample 4 - 10Zn2+ Sample 5 - 5Zn2+ Sample 6 - 2.5Zn2+ 
Sample 7 - 20Cd2+ Sample 8 - 10 Cd2+ Sample 9 - 5 Cd2+ 
Sample 10 - 50 Cr3+ Sample 11 - 25 Cr3+ Sample 12 - 12.5 Cr3+ 
Sample 13 - 10 Cu2+ Sample 14 - 5 Cu2+ Sample 15 - 2.5 Cu2+ 
Sample 16 - 50 Fe3+ Sample 17 - 25 Fe3+ Sample 18 - 12.5 Fe3+ 
Sample 19 - 50 Pb2+ Sample 20 - 25 Pb2+ Sample 21 - 12.5 Pb2+ 
 
Table 4.5.2. Estimated Sample Details based on PCA Plots 
Sample 1 - ~50Hg2+ 
Sample 2 - ~25 
Hg2+ 
Sample 3 - ~12.5 Hg2+ 
Sample 4 - ~10 Zn2+ Sample 5 - ~5 Zn2+ Sample 6 - ~2.5 Zn2+ 
Sample 7 - ~20 Cd2+ 
Sample 8 - ~10 
Cd2+ 
Sample 9 - ~5 Cd2+ 
Sample 10 - ~50 Cr3+ 
Sample 11 - ~25 
Cr3+ 
Sample 12 - ~12.5 
Cr3+ 
Sample 13 - ~10 
Cu2+ 
Sample 14 - ~5 
Cu2+ 
Sample 15 - ~2.5 Cu2+ 
Sample 16 - ~50 Fe3+ 
Sample 17 - ~25 
Fe3+ 
Sample 18 - ~12.5 
Fe3+ 
Sample 19 - ~50 Pb2+ 
Sample 20 - ~25 
Pb2+ 
Sample 21 - ~12.5 
Pb2+ 
 
Another advantage of SGT sensor array is that it can differentiate clean and 
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healthy samples from toxic materials. By testing known clean samples 
(mineral water and clean tap water from railway stations) along with metal 
samples, we observed that these species, although containing various ions 
(Na+, K+, Cl- and PO43- etc.) and small molecules (disinfectants, sugars, etc.), 
do not exhibit much variation on the 3D dispersion graph. Items that lie inside 
the safezone would be considered safe, while samples that lie outside the 
safezone display potential detriments based on TCLP standards. By circling 
the tested clean water samples on PCA graph, we create one safezone model 
that includes only the clean water substances. Moreover, our safezone theory 
is accumulative: the more samples we test, the more reliable our safezone can 
become. By expanding our sensor array and screen against more heavy metal 
ions, we could easily cover a broader range of analytes and establish more 
versatile and applicable safezone systems (Figure 4.5.1). 
 
4.6 Application of fluorescent metal sensor in biological systems 
Iron (Fe), zinc (Zn) and copper (Cu) are the most abundant biochemically 
functional metals, which are present in the body under normal conditions. 
However, their abundance is elevated in regions of the brain that is involved in 
Alzheimer’s disease (AD), where recent studies have indicated the 
involvement of trace element toxicity in the development or progression of 
AD.28-30 AD is a disease of progressive intellectual decline that is 
characterized pathologically by a selective loss of neurons and decreased 
synaptic density, as well as the extracellular deposition of amyloid plaques 
primarily composed of a 39-43 amino acid protein called amyloid beta (Aβ). 
Aβ is derived from the proteolytic cleavage of a larger transmembrane 
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glycoprotein, the amyloid precursor protein (APP). It has been suggested that 
Zn may function in the modulation of the APP, perhaps leading to an even 
greater deposition of Aβ. Fe and Cu also have been shown to induce 
aggregation of Aβ, but without fibril formation. In fact, analyses of plaques 
and congophilic angiopathy from both AD and related mouse models have 
demonstrated that these metals are highly enriched in these structures. 
A number of mouse models have been developed to mimic one or more 
neuropathological features of AD, which has resulted in valuable progress in 
understanding AD progression. In this paper, we used a triple transgenic 
knock-in mouse (APPsw/P301L tau/ PSENM146) as our model for AD to test 
the ability of our sensor array to detect metal ions in biological tissue. The 
mouse brain was analyzed by immunohistochemical staining for Awith an 
anitbody against residues 1 to 16 of A (6E10). Extracellular Adeposition is 
evident, as with intraneuronal Ashown in Figure 4.6.1. These extracellular 
Adeposits are also thioflavin S (ThS) positive. When treated with SGT3 
within the metal-sensing array, which was noted for its high response towards 
Zn, strong staining pattern that corresponds to that of extracellular Adeposits 
was observed. Although amyloid deposits are composed predominantly of 
amyloid fibrils, which in the case of AD, arise from Apeptide, there also 
exist other non-fibrillar constituents such as lipids, proteoglycans and 
glycosaminoglycans. Hence, to further demonstrate that SGT3 staining was in 
fact targeted at metals, and no other species within the amyloid plaques, we 
pre-treated the brain slice with a metal chelating agent prior to staining with 
SGT3. Indeed, pre-treatment with EDTA abolished SGT3 staining, implying 
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that have used several different techniques to demonstrate vivid Zn staining in 
the amyloid plaques from Alzheimer’s patients.26,27 One example is an 
autometallographic technique (AMG) for visualizing loosely bound or free 
zinc ions in tissue by immersion autometallography permits the non-
fluorescent detection of zinc ions and is easily standardized for sterological 
plaque quantification. Until recently, this could be done only by the use of 
fluorescent chelating agents such as TSQ and zinquin. Alternatively, there is a 
suite of imaging techniques composed of scanning transmission ion 
microscopy (STIM), particle induced X-ray emission (PIXE) and Rutherford 
back scattering (RBS) used in conjunction with a MeV proton microprobe 
technique, which can identify amyloid deposits and simultaneously map and 
quantify these trace elements within them, without recourse to conventional 
fixing and staining. Quantification of brain metal ion content and distribution 
from the earliest stages of plaque formation may be a powerful marker for 
early diagnosis, assessment of treatment strategies, and/or a therapeutic target 
in human AD. 
 
4.7 Summary 
In summary, we have rationally designed a styryl fluorescent sensor array 
that exhibits spectroscopic responses towards heavy metal ions. The sensors 
respond with the analytes through ICT and PET mechanism, which not only 
changes the electron transfer, but also increases the intramolecular 
conjugation, thus resulting in both emission wavelength shift and fluorescence 
intensity change. Through the combination of image-based screening and 
spectroscopic measurement, we demonstrate that the combinatorial responses 
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could mimic the function of flavour buds of a human tongue and thus be 
applied to qualitatively identify various heavy metal ions. The simple visual 
observation sensing paradigm renders the sensor array great value in rapid on-
site environmental analysis. On the other hand, PCA analysis of these 
responses provides clear differentiation of the analytes on a 3D format and 
also leads to a quantitative identification of each heavy metal ion. 
Construction of a safezone based on these information could lead to a 
breakthrough in rapid sample analysis. The function of our small-molecule 
sensor array is further extended by performing Zn2+ imaging in amyloid 
plaques of AD model, which exhibits the potential of applying these sensors in 
biological systems. Such a small-molecule sensor array could prove great 
potential in both in vitro and in vivo metal analysis. 
 
4.8 Experimental details 
Materials and methods: All the chemicals were purchased from Sigma 
Aldrich, Fluka, MERCK, Acros and Alfa Aesar and they were directly used 
without further purification. The heavy metal ions were produced from their 
respective nitrate salts. Normal phase column chromatography purification 
was carried using MERCK silica Gel 60 (Particle size: 230-400 mesh, 0.040-
0.063 mm). HPLC-MS was taken on an Agilent-1200 with a DAD detector 
and a single quadrupole mass spectrometer (6130 series). The analytical 
method, unless indicated, is A: H2O (0.1% HCOOH), B: CH3CN (0.1% 
HCOOH), gradient from 10 to 90% B in 10 minutes; C18 (2) Luna column 
(4.6 * 50 mm2, 3.5 μm particle size). 1H-NMR and 13C-NMR spectra were 
recorded on Bruker Avance 300 NMR and 500 NMR spectrometers, and 
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chemical shifts are expressed in parts per million (ppm) and coupling 
constants are reported as a J value in Hertz (Hz). Spectroscopy was performed 
using a fluorimeter and UV/Vis instrument, SpectraMax M2, Molecular 
Devices. Principal component analyses were performed using Pipeline Pilot 
Student Edition v6.1 and R-3.0.1, and principal component analyses graphs 
were visually obtained using Origin 9.0. 
Determination of the dissociation constants: The fluorescence emission 
spectra of SGT1-5 with the 7 most responsive heavy metal ions were 
measured on a SpectraMax M2 plate reader. The heavy metal ion 
concentrations range from 0.1 M to 90M, while the sensor concentration is 
fixed at 10 M. The fluorescent titration curve was fitted to the standard 
equation using Graphpad Prism V5.0. The fluorescence intensities of each 
sensor-heavy metal ion pair was measured at their respective emission maxima 
with excitation at 365 nm. The bound fractions (X) of SGT sensors at each 
concentration were determined using the following equation: 
X = Fୡ − F଴Fୱୟ୲ − F଴ 
where FC and F0 are the fluorescence intensities of a given concentration of 
SGT sensors with and without heavy metal ions, respectively. Fsat is the 
fluorescence intensity at the same concentration of SGT sensors when fully 
bound. Fsat was determined by fluorescence titration at each concentration with 
a series concentrations of heavy metal ions. The results were plotted according 
to nonlinear fitting curve of the following equation: 
F = F଴ +
(Fୱୟ୲ − F଴)(ሾ܁۵܂ሿ)
(Kୈ + ሾ܁۵܂ሿ)  




Biological sample preparation: 15-20 months-old triple transgenic mice 
(APPsw/P301L tau/ PSENM146) were sacrificed for tissue harvesting. The 
animals were either perfused with 4 % (w/v) paraformaldehyde (PFA), or the 
brain tissue was rapidly frozen and stored at -80 °C immediately after 
extraction. Free-floating sections were prepared from the PFA-perfused brain 
using vibratome (Leica) and 40 m slices were stored in anti-freeze solution at 
-20 °C until required. Separately, 10 m sections of rapidly frozen brain were 
prepared using a cryostat and picked up on coated slides and stored in a -20 °C 
freezer. 
Immunohistochemical and SGT staining: For Aβ immunohistochemistry, 
the sections were stained free-floating with a 1:400 dilution of primary anti-
Aβ antibody (6E10) (Covance), followed by a goat anti-mouse secondary 
antibody conjugated with Alexa647 fluorophore (Invitrogen). Incubation times 
were overnight at 4 °C for the primary antibody and 1 hr at room temperature 
for the secondary antibody. Sections were then treated with 5 M SGT3 for 1 
hr at room temperature, rinsed and mounted on slides. Separately, the 
cryosections was stained with 0.05 % ThS in 50 % (v/v) ethanol for 5-8 
minutes to establish the presence and location of amyloid plaques within the 
AD mouse brain tissue. Consecutive sections were treated with 5 M SGT3 
for 1 hr at room temperature, or pre-treated with 5 mM EDTA or 100 M 
Zn(NO3)2 solution for 1 hr before staining with 5 M SGT3. Imaging was 
done with an inverted fluorescence microscope Ti (Nikon). TRITC and Cy5 







Synthesis of binding motif 1b, 2d, 3d: 
 
Scheme 4.8.1. Synthetic route that affords 1b 
 
To a solution of 2-chloromethylpyridine (1.524 g, 12 mmol) 
in H2O (0.5ml), aniline (0.558 g, 6 mmol), 5N NaOH (3 ml), 
and hexadecytrimethylammonium chloride (20 mg) were 
added under N2 protection. The mixture was stirred 
vigorously for 24 h at room temperature. The mixture was 
extracted with CH2Cl2, and the extract was washed with H2O and dried over 
Na2SO4. Removal of the organic solvent gave the crude product, which was 
further purified by flash column(CH2Cl2/AcOEt=4/1) to give the pure product 
1a as beige solid (1.262g, Yield: 76%). 1H NMR δ (400 MHz, CDCl3) 4.83(s, 
4H), 6.71(m, J = 20 Hz, 3H), 7.17(m, J = 12 Hz, 4H), 7.27(d, J = 8 Hz, 2H), 
7.62(t, J = 16 Hz, 2H), 8.60(d, J = 4 Hz, 2H). 13C NMR δ (100 MHz, CDCl3) 









POCl3 (1 ml, 17 mmol) was added into the solution of 
dimethyl formaldehyde (DMF) (2 ml, 26 mmol) in portions 
in 0.5 h, and cooled in an ice bath. The solution was then 
stirred for 0.5 h. Compound 1a (0.600 g, 2.18 mmol) in DMF 
(1 ml) was added in portions in 20 min. The mixture was 
heated for 3 h at 90oC and poured into H2O (5ml), and then neutralized to pH 
6-8 with K2CO3 along with stirring. The mixture was extracted with CH2Cl2 
and dried over Na2SO4. Removal of the organic solvent gave the crude 
product, which was further purified by flash column(Acetone/n-hexane=3/5) 
to give the pure product 1b as yellow oil ( 263mg, Yield: 40%). 1H NMR δ 
(400 MHz, CDCl3): 4.92 (s, 4H), 6.80 (d, J = 8 Hz, 2H), 7.21(m, J = 16 Hz, 
4H), 7.66 (m, J = 24 Hz, 4H), 8.61(d, J = 4 Hz, 2H), 9.71(s, 1H). 13C NMR δ 
(100 MHz, CDCl3): 57.08, 112.00, 120.68, 122.46, 126.38, 132.04, 137.00, 
149.94, 153.11, 157.20, 190.21. HRMS-ESI: calculated for [M+H]+ 













Scheme 4.8.2. Synthetic route that affords 2d 
 
N-(2-Hydroxyethyl)aniline (3.0 g, 21.8 mmol) was added to 
CH2Cl2 (10 ml) and stirred at 0°C. Phosphorous tribromide 
(22.0mmol) was added drop-wise into the reaction mixture on 
the ice. The reaction mixture was stirred for 3hr at room 
temperature and extracted with CH2Cl2 and water, and organic layer was dried 
over Na2SO4. The product’s purity was checked by TLC and directly used in 
next step without further purification. N-(2-bromoethyl)aniline was added to 
dimethyl sulfoxide (DMSO) (2 ml) and stirred at room temperature. Sodium 
azide (80 mmol) in DMSO (2ml) was added drop-wise into the reaction 
mixture and heated up to 80°C for 1 hour. The reaction mixture was extracted 
with Ethyl Acetate (EtOAc) and water and washed with water for three times 
and organic layer was dried over Na2SO4. Removal of the organic solvent gave 
the crude product, which was further purified by flash column (Hexane/EtOAc 
= 10/1) to give the pure product 2a as colorless oil (3.21g, Yield: 90.8%). 1H 
NMR (300 MHz, CDCl3) δ 3.38 (2H, t, J = 5.4 Hz), 3.55 (2H, t, J = 5.4 Hz), 






MHz, CDCl3) δ 43.13, 50.60, 76.79, 77.21, 77.63, 113.14, 118.17, 129.46, 
147.35.  
 
To a solution of 2-bromomethylprydine hydrobromide (3.18 
g, 12.6 mmol) in H2O (0.5 ml), 2a (1.70 g, 10.5 mmol), 5 N 
NaOH (3 ml), and tetrabutylammonium bromide (15 mg) 
were added under N2 protection. The mixture was stirred 
vigorously for 24 h at room temperature. The mixture was 
extracted with CH2Cl2, and the extract was washed with H2O. Removal of the 
organic solvent gave the crude product, which was further purified by flash 
column (Hexane/EtOAc = 4/1) to give the pure product 2b as brown oil (1.57 
g, Yield: 59%). 1H NMR (300 MHz, CDCl3) δ 3.50 (2H, t, J = 6.4 Hz), 3.66 
(2H, t, J = 6.2 Hz), 4.73 (2H, s), 6.72-6.76 (3H, m), 7.11-7.23 (4H, m), 7.51-
7.56 (1H, m), 8.59-8.60 (1H, m). 13C NMR (75 MHz, CDCl3) δ 49.02, 50.86, 
57.12, 112.61, 117.46, 120.84, 122.06, 129.48, 136.73, 147.49, 149.66, 
158.86. 
 
To a stirred mixture of palladium on carbon (10 wt%, 0.2g) 
in Methanol (MeOH) (50ml), 2b (1.0g, 3.9 mmol) was 
slowly added under H2 gas (1atm) at room temperature for 
3hr. The reactions are qualitatively monitored by TLC 
(EtOAc/Hexane = 1/22). When the starting materials were disappeared, 
reaction mixture was filtered through celite pad. The eluent was evaporated 
under reduced pressure and preserved in vacuo. The product’s purity was 













purification. N1-phenyl-N1-(pyridin-2-ylmethyl) ethane-1,2-diamine (0.89g, 
3.9 mmol ) was added to a stirred solution of 2-pyridinecarboxaldehydeamine 
(0.88g, 8.22 mmol) in CH2Cl2 (60 ml). After 30 mins of stirring, sodium 
triacetoxyborohydride (2.5g, 12 mmol) was slowly added to the mixture. The 
mixture was stirred for overnight at room temperature. After 12 hours, the 
reaction mixture was extracted with EtOAc and water and washed with water 
for three times and organic layer was dried over Na2SO4. Removal of the 
organic solvent gave the crude product, which was further purified by flash 
column (CH2Cl2: MeOH = 20:1) to give the pure product 2c as brown oil (0.80 
g, 1.95 mmol, Yield: 50.1 %). 1H NMR (300 MHz, CDCl3) δ 2.88 (2H, t, J = 
7.2 Hz), 3.64 (2H, t, J = 7.6 Hz), 3.92 (4H, s), 4.59 (2H, s), 6.52 (2H, d, J = 
8.0 Hz), 6.69 (1H, t, J =5.6 Hz), 7.06-7.16 (6H, m), 7.50-7.52 (3H, m), 7.62-
7.64 (2H, m), 8.53-8.55 (3H, m). 13C NMR (75 MHz, CDCl3) δ 49.66, 50.81, 
56.85, 60.82, 111.86, 116.23, 120.56, 121.72, 121.99, 122.94, 129.07, 136.31, 
136.51, 147.66, 148.90, 149.31, 159.10, 159.17.  
 
To a stirred solution of DMF (2ml, 26 mmol), POCl3 (1 
ml, 17 mmol) was slowly added in portions for 30 min 
and cooled in an ice bath. Then the solution was stirred for 
30 min. 2c (0.50 g, 1.22 mmol) in DMF (1 ml) was slowly 
added drop-wisely for 30 min. The mixture was heated for 
2 hr at 90 ºC and poured into stirred H2O (5ml), and then neutralized to pH 6-8 
with K2CO3. The mixture was extracted with CH2Cl2 and water and washed 
with water for three times and organic layer was dried over Na2SO4. Removal 










flash column (CH2Cl2: MeOH = 15:1) to give pure the product 2d as brown oil 
(0.28 g, 0.64 mmol, Yield: 52 %). 1H NMR (300 MHz, CDCl3) δ 2.88 (2H, t, J 
= 7.0 Hz), 3.69 (2H, t, J = 7.6 Hz), 3.93 (4H, s), 4.67 (2H, s), 6.56 (2H, d, J = 
8.9 Hz), 7.05 (1H, d, J =5.6 Hz), 7.17-7.19 (3H, m), 7.46 (2H, d, J =7.8 Hz), 
7.58-7.65 (5H, m), 8.55-8.56 (3H, m), 9.70 (1H, s). 13C NMR (75 MHz, 
CDCl3) δ 49.78, 50.29, 56.72, 60.92, 111.30, 120.36, 122.21, 123.14, 125.56, 
131.91, 136.45, 136.82, 149.10, 149.74, 152.63, 157.50, 158.78, 190.00. 
HRMS-FAB: calculated for [M+H]+ (C27H28N5O) 438.2294, found 438.2290 
 
 
Scheme 4.8.3. Synthetic route that affords 3d 
 
N-Phenyldiethanolamine (3.0 g, 16.5 mmol) was added 
to anhydrous pyridine (20 ml) and stirred at room 
temperature. p-Toluenesulfonyl chloride (17.0 mmol) 
was slowly added into the reaction mixture on the ice. The reaction mixture 
was stirred for overnight at room temperature and extracted with 
dichloromethane and water, and organic layer was dried over Na2SO4. 
Removal of the organic solvent gave the crude product, which was further 
purified by flash column (Hexane/EtOAc = 10/1) to give 3a as white solid (7.7 






6.0 Hz), 4.08 (4H, t, J = 6.0 Hz), 6.43 (2H, d, J = 8.6 Hz), 6.72 (1H, t, J = 7.3 
Hz), 7.12 (2H, q, J1 = 7.3 Hz), 7.30 (4H, d, J = 7.8 Hz), 7.71 (4H, d, J = 8.2 
Hz). 13C NMR (75 MHz, CDCl3) δ 21.66, 50.18, 66.57, 112.01, 117.59, 
127.84, 129.48, 129.89, 132.61, 144.99, 145.74. 
 
3a (2.0 g, 4.08 mmol) was added to DMSO (2 ml) and 
stirred at room temperature. Sodium azide (0.65g, 10 
mmol) in DMSO (2ml) was added drop-wisely into the 
reaction mixture and heated up to 80°C for 1 hour. The 
reaction mixture was extracted with EtOAc and water and washed with water 
for three times and organic layer was dried over Na2SO4. Removal of the 
organic solvent gave the crude product, which was further purified by flash 
column (Hexane: EtOAc = 8:1) to give 3b as colorless oil (0.86 g, Yield: 
91 %). 1H NMR (300 MHz, CDCl3) δ 3.51 (4H, t, J = 6.0 Hz), 3.63 (4H, t, J = 
5.7 Hz), 6.82-6.89 (3H, m), 7.35-7.40 (2H, m). 13C NMR (75 MHz, CDCl3) δ 
48.86, 50.86, 112.84, 117.83, 129.73, 146.43. 
 
To a stirred mixture of palladium on carbon (10 
wt%, 0.2g) in MeOH (50ml), 3b (0.60 g, 2.59 
mmol) was slowly added under H2 gas (1atm) at 
room temperature for 3hr. The reactions are 
qualitatively monitored by TLC (EtOAc:Hexane = 1:2). When the starting 
materials were disappeared, reaction mixture was filtered through celite pad. 
The eluent was evaporated under reduced pressure and preserved in vacuuo. 














next step without further purification. N1-(2-aminoethyl)-N1-phenylethane-
1,2-diamine (0.45 g, 2.5 mmol ) was added to a stirred solution of 2-
pyridinecarboxaldehydeamine (1.17 g, 11 mmol) in 1,2-dicholroethane (60 
ml). After 30 min of stirring, sodium triacetoxyborohydride (2.6 g, 12.5 mmol) 
was slowly added to the mixture. The mixture was stirred for overnight at 
room temperature. After overnight reaction, the reaction mixture was extracted 
with EtOAc and water and washed with water for three times and organic 
layer was dried over Na2SO4. Removal of the organic solvent gave the crude 
product, which was further purified by flash column (DCM: MeOH = 10:1) to 
give 3c as brown oil (0.65 g, Yield: 48%). 1H NMR (300 MHz, CDCl3) δ 2.65 
(4H, t, J = 7.1 Hz), 3.35 (4H, t, J = 7.7 Hz), 3.85 (8H, s), 6.36 (2H, d, J = 8.1 
Hz), 6.52 (1H, t, J = 7.3 Hz), 6.99 (2H, t, J = 7.4 Hz), 7.11-7.16 (4H, m), 7.45-
7.47 (4H, m), 7.58-7.64 (4H, m), 8.52 (4H, q, J1 = 4.1 Hz). 13C NMR (75 
MHz, CDCl3) δ 49.11, 50.83, 60.87, 111.27, 115.31, 121.97, 122.84, 129.01, 
136.30, 147.38, 148.94, 159.30. 
 
To a stirred solution of DMF (2ml, 26 mmol), 
POCl3 (1 ml, 17 mmol) was slowly added in 
portions for 30 min and cooled in an ice bath. Then 
the solution was stirred for 30 min. 3c (0.50 g, 0.92 
mmol) in DMF (1.0 ml) was slowly added in 
dropwise for 30 min. The mixture was heated for 3 hr at 90 ºC and poured into 
stirred H2O (5ml), and then neutralized to pH 6-8 with K2CO3. The mixture 
was extracted with DCM and water and washed with water for three times and 












crude product, which was further purified by flash column (DCM: MeOH = 
10:1) to give the product 3d as brown oil (0.24 g, Yield: 45%). 1H NMR (300 
MHz, CDCl3) δ 2.65 (4H, t, J = 7.2 Hz), 3.41 (4H, t, J = 7.6 Hz), 3.85 (8H, s), 
6.33 (2H, d, J = 8.9 Hz), 7.11-7.15 (4H, m), 7.40-7.47 (6H, m), 7.56-7.62 (4H, 
m), 8.50 (4H, d, J = 4.7 Hz), 9.62 (1H, s) 13C NMR (75 MHz, CDCl3) δ 49.84, 
50.18, 60.70, 110.53, 122.20, 123.01, 124.53, 131.85, 136.51, 148.88, 152.22, 




Scheme 4.8.4. Synthetic route that affords SGT1 
 
To a solution of 1b (30.3 mg, 0.1 mmol) in EtOH (4 ml), P1 
(35.5 mg, 0.15 mmol) and pyrrolidine (10 μL) were added. The 
reaction mixture was allowed to stir in the microwave oven 
(80W) at 70oC for 1 hour. Removal of the organic solvent gave 
the crude product, which was further purified by reverse phase 
semi-prep HPLC (Gilson RP-HPLC with a C18 column (100 
mm × 21.2 mm, Axia column from Phenomenex Inc.) using water and 
acetonitrile as eluents to give the pure product SGT1 as yellow oil (19.7 mg, 
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Yield: 38%).  1H NMR (500 MHz, DMSO-d6) δ 4.17 (3H, s), 4.93 (4H, s), 
6.76 (2H, d, J = 9 Hz), 7.11 (1H, d, J = 16 Hz), 7.27-7.32 (4H, m), 7.49 (2H, 
d, J = 15.2 Hz), 7.74-7.75 (2H, m), 7.82 (1H, d, J = 15.8 Hz), 8.01 (2H, d, J = 
6.5 Hz), 8.55 (2H, d, J = 4.5 Hz), 8.67 (2H, d, J = 6.3 Hz) 13C NMR (125 
MHz, DMSO-d6) δ 46.40, 56.64, 112.51, 117.70, 121.19, 122.24, 122.32, 
123.25, 129.99, 136.85, 141.46, 144.39, 149.37, 150.16, 153.19, 158.12. 
HRMS-ESI: calculated for [M]+ (C26H25N4) 393.2074, found 393.2078. 
 
 
Scheme 4.8.5. Synthetic route that affords SGT2 
 
To a solution of 2d (43.8mg, 0.1 mmol) in EtOH (4 ml), P1 
(35.5 mg, 0.15 mmol) and pyrrolidine (10 μL) were added. 
The reaction mixture was allowed to stir in the microwave 
oven (80W) at 70oC for 1 hour. Removal of the organic 
solvent gave the crude product, which was further purified 
by reverse phase semi-prep HPLC (Gilson RP-HPLC with a 
C18 column (100 mm × 21.2 mm, Axia column from Phenomenex Inc.) using 
water and acetonitrile as eluents to give the pure product SGT2 as orange oil 












Hz), 3.70 (2H, t, J = 7.1 Hz), 3.85 (4H, s), 4.17 (3H, s), 4.67 (2H, s), 6.59 (2H, 
d, J = 8.8 Hz), 7.09-7.12 (2H, m), 7.23-7.26 (3H, m), 7.42 (2H, d, J = 8.7 Hz), 
7.51 (2H, d, J = 7.6 Hz), 7.72-7.74 (3H, m), 7.82 (1H, d, J =15 Hz), 8.02 (2H, 
d, J = 6.4 Hz), 8.49-8.50 (3H, m), 8.67 (2H, d, J = 6.3 Hz) 13C NMR (125 
MHz, DMSO-d6) δ 46.35, 49.16, 50.12, 55.92, 60.04, 111.87, 117.20, 120.81, 
122.13, 122.59, 122.75, 130.06, 136.46, 136.75, 141.62, 144.31, 148.74, 
149.31, 149.86, 153.28, 158.14, 159.06. HRMS-ESI: calculated for [M]+ 
(C34H35N6) 527.2918, found 527.2922. 
 
Scheme 4.8.6. Synthetic route that affords SGT3 
 
To a solution of 3d (57.2 mg, 0.1 mmol) in EtOH (4 
ml), P1 (35.5 mg, 0.15 mmol) and pyrrolidine (10 
μL) were added. The reaction mixture was allowed 
to stir in the microwave oven (80 W) at 70oC for 1 
hour. Removal of the organic solvent gave the crude 
product, which was further purified by reverse phase 
semi-prep HPLC (Gilson RP-HPLC with a C18 column (100 mm × 21.2 mm, 
Axia column from Phenomenex Inc.) using water and acetonitrile as eluents to 
give the pure product SGT3 as red oil (30.0 mg, Yield: 38%). 1H NMR (500 
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MHz, DMSO-d6) δ 2.55 (4H, t, J = 7.1 Hz), 3.79 (8H, s), 4.16 (3H, s), 6.41 
(2H, d, J = 8.9 Hz), 7.10 (1H, d, J = 15 Hz), 7.22-7.25 (4H, m), 7.35 (2H, d, J 
= 8.8 Hz), 7.47-7.48 (4H, m), 7.70-7.73 (4H, m), 7.80 (1H, d, J = 15 Hz), 8.01 
(2H, d, J = 6.8 Hz), 8.47 (4H, d, J = 4.2 Hz), 8.63 (2H, d, J = 6.7 Hz) 13C 
NMR (125 MHz, DMSO-d6) δ 46.30, 48.44, 50.02, 60.02, 111.21, 116.64, 
121.89, 122.00, 122.18, 122.68, 130.15, 136.48, 141.74, 144.17, 148.72, 




Scheme 4.8.7. Synthetic route that affords SGT4 
 
To a solution of 2d (43.8 mg, 0.1 mmol) in EtOH (4 ml), P2 
(47.3 mg, 0.15 mmol) and pyrrolidine (10 μL) were added. 
The reaction mixture was allowed to stir in the microwave 
oven (80 W) at 70oC for 1 hour. Removal of the organic 
solvent gave the crude product, which was further purified by 
reverse phase semi-prep HPLC (Gilson RP-HPLC with a C18 
column (100 mm × 21.2 mm, Axia column from Phenomenex Inc.) using 
water and acetonitrile as eluents to give the pure product SGT4 as red oil 
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(23.4 mg, Yield: 32%). 1H NMR (50 0 MHz, DMSO-d6) δ 2.84 (2H, t, J = 6.9 
Hz), 3.79 (2H, t, J = 6.7 Hz), 3.93-4.00 (7H, m), 4.41 (3H, s), 4.73 (2H, s), 
6.67 (2H, d, J = 8.7 Hz), 7.18 (1H, d, J = 8.3 Hz), 7.25-7.28 (3H, m), 7.41 
(1H, d, J = 15 Hz), 7.51-7.52 (2H, m), 7.65-7.75 (8H, m), 8.04 (1H, d, J = 15 
Hz), 8.35 (1H, d, J = 9.0 Hz), 8.42 (1H, d, J = 9.1 Hz), 8.49-8.52 (3H, m), 
8.70 (1H, d, J = 6.8 Hz) 13C NMR (125 MHz, DMSO-d6) δ 49.00, 50.25, 
55.96, 56.09, 59.73, 108.74, 111.96, 112.35, 120.65, 120.69, 120.99, 122.28, 
122.33, 122.78, 122.97, 124.95, 128.71, 131.37, 134.41, 136.62, 136.87, 
141.04, 146.95, 148.76, 149.30, 149.60, 150.69, 153.92, 157.93, 158.18. 
HRMS-ESI: calculated for [M+H]+ (C39H39N6) 607.3180, found 607.3162. 
 
 
Scheme 4.8.8. Synthetic route that affords SGT5 
 
To a solution of 2d (43.8 mg, 0.1 mmol) in EtOH (4 ml), P3 (33.0 mg, 0.15 
mmol) and pyrrolidine (10 μL) were added. The reaction mixture was allowed 
to stir in the microwave oven (80 W) at 70oC for 1 hour. Removal of the 
organic solvent gave the crude product, which was further purified by reverse 
phase semi-prep HPLC (Gilson RP-HPLC with a C18 column (100 mm × 21.2 
mm, Axia column from Phenomenex Inc.) using water and acetonitrile as 
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eluents to give the pure product SGT5 as dark red solid 
(15.5 mg, Yield: 24%). 1H NMR (500 MHz, CDCl3) δ 2.17 
(s, 1H), 2.29 (s, 3H), 2.95 – 2.86 (m, 2H), 3.74 – 3.64 (m, 
2H), 3.93 (s, 4H), 4.64 (s, 2H), 6.41 (dd, J = 3.8, 2.2 Hz, 
1H), 6.51 (d, J = 8.9 Hz, 2H), 6.72 (s, 1H), 6.83 (d, J = 3.6 
Hz, 1H), 7.03 (d, J = 7.9 Hz, 1H), 7.05 (s, 1H), 7.21 – 7.14 
(m, 3H), 7.30 (s, 1H), 7.38 – 7.33 (m, 2H), 7.48 (s, 1H), 7.49 (s, 1H),7.57 (td, 
J = 7.7, 1.8 Hz, 1H), 7.59 (s, 1H), 7.66 (td, J = 7.6, 1.8 Hz, 2H), 8.56 – 8.53 
(m, 2H), 8.61 – 8.57 (m, 1H). 13C NMR (125 MHz, CDCl3) δ 11.45, 29.69, 
30.91, 48.84, 50.71, 53.41, 56.84, 60.86, 112.12, 113.91, 115.41, 117.37, 
120.55, 120.72, 122.16, 122.35, 123.22, 123.77, 124.29, 130.02, 132.66, 
136.64, 136.90, 138.37, 141.41, 144.33, 149.13, 149.57, 149.67, 158.13, 
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negligible UCL could be observed. In another set of negative control 
experiment, Ethylene diaminetetraacetic acid (EDTA) was used to disrupt the 
coordination between SGT3 and Zn2+ owing to its strong chelation to Zn2+ 
species. As a result, the originally strong UCL was scavenged and left 
negligible emission from brain tissue (Figure 5.4.3A fourth row). The 
quantitative analysis of fluorescence images can be found in Figure 5.4.3B. 
Taken together, these results suggest that our designed nanoprobes could be a 
promising probe for Zn2+ detection in pathogenic biological samples. 
Encouraged by the results of the in vitro cell imaging and brain tissue 
studies, we further investigated the in vivo detection of Zn2+ in living animal. 
In our experimenst, zebrafish was chosen as model because transparent 
zebrafish embryo or larva has been reported as an ideal to monitor analytes 
using fluorescent sensors due to convenient detection of ions by fluorescence 
microscopy and permeability of ions and sensors in the fish body.52 Therefore, 
zebrafish has been widely used to detect various ions such as Cu2+, Ca2+ and 
Zn2+.53As a proof of concept, we incubated 1-PAA-UCNPs with the living 
zebrafish and then traced the biodistribution of intact Zn2+ inside zebrafish by 
fluorescence microscopic imaging. As shown in Figure 5.4.4, the bright 
luminescence of 1-PAA-UCNPs could be clearly observed around its 
ventricle. From the zoomed image of a part of the fish head, it can be found 
that the bright luminescent dots were located around its eyes. We attributed it 
to the high concentration of Zn2+ in this position which might be the 
neuromasts of the anterior lateral-line system (ALL system) of zebrafish larva 
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nanosystem exhibites high sensitivity down to 0.78 µM and instant response 
within 5 seconds. Taking the benefit of rapid recognition of SGT3 and 
intriguing optical properties offered by UCNPs, we have demonstrated its 
applicability for in vitro and in vivo Zn2+ detection in the live cells, amyloid 
plaque in AD brain and zebrafish, respectively. Therefore, our sensing system 
provides a new opportunity for disease diagnosis associated with Zn2+ in 
further clinical monitoring. 
 
5.6 Experimental details 
Materials and methods: Y(CH3CO2)3•xH2O (99.9%), Yb(CH3CO2)3•4H2O 
(99.9%), Tm(CH3CO2)3•xH2O (99.9%), NaOH (98+%), NH4F (98+%), 1-
octadecene (90%), oleic acid (OA) (90 %) and HCl were purchased from 
Sigma-Aldrich and used as received without further purification. TEM 
measurements were carried out on a JEL-1400 transmission electron 
microscope (JEOL) operating at an acceleration voltage of 100 kV. UV-vis 
spectra were performed using a fluorimeter and UV/Vis instrument, 
SpectraMax M2, Molecular Devices. UCL spectra was obtained with a 
DM150i monochromator equipped with a R928 photon counting 
photomultiplier tube (PMT), in conjunction with a 980 nm diode laser. Digital 
photographs were taken with a Nikon D700 camera. Cell imaging was 
performed on an Olympus BX51 microscope with a xenon lamp adapted to a 
980 nm diode laser. The excitation laser power was adjusted to 2.5 W, and 
luminescence micrographs were recorded with a Nikon DS-Ri1 color imaging 
system. Image analysis was performed using NIS-Elements Advanced 
Research software (Nikon). 
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Compound 1 was synthesized by the reported paper.55  
 
Scheme 5.6.1. Reaction scheme to produce SGT3. 
 
Typically, to a solution of A (57.2 mg, 0.1 mmol) in EtOH (4ml), B (35.5 
mg, 0.15 mmol) and pyrrolidine (10 L) were added. The reaction mixture 
was allowed to stir in the microwave oven (80W) at 70 oC for 1 hr. Removal 
of the organic solvent gave the crude product, which was further purified by 
reverse phase semi-prep HPLC (Gilson RP-HPLC with a C18 column (100 
mm × 21.2 mm, Axia column from Phenomenex Inc.) using water and 
acetonitrile as eluents to give the pure product 1 as red oil (30.0 mg, Yield: 
38%).  
Characterization of SGT3 (Compound 1): 1H NMR (500 MHz, DMSO-d6) 
δ 2.55 (4H, t, J = 7.1 Hz), 3.79 (8H, s), 4.16 (3H, s), 6.41 (2H, d, J = 8.9 Hz), 
7.10 (1H, d, J = 15 Hz), 7.22-7.25 (4H, m), 7.35 (2H, d, J = 8.8 Hz), 7.47-7.48 
(4H, m), 7.70-7.73 (4H, m), 7.80 (1H, d, J = 15 Hz), 8.01 (2H, d, J = 6.8 Hz), 
8.47 (4H, d, J = 4.2 Hz), 8.63 (2H, d, J = 6.7 Hz) 13C NMR (125 MHz, 
DMSO-d6) δ 46.30, 48.44, 50.02, 60.02, 111.21, 116.64, 121.89, 122.00, 
122.18, 122.68, 130.15, 136.48, 141.74, 144.17, 148.72, 149.48, 153.35, 

























Synthesis of β-NaYF4:Yb/Tm (20/0.2 mol%) Core Nanoparticles: In a 
typical experiment, a water solution (2 mL) containing Y(CH3CO2)3 (0.32 
mmol), Yb(CH3CO2)3 (0.08 mmol) and Tm(CH3CO2)3 (0.0008 mmol) was 
added to a 50-mL flask containing oleic acid (3 mL) and 1-octadecene (7 mL). 
The resulting mixture was heated to 150 oC for 1.5 hr to form lanthanide 
oleate complexes and to remove water, followed by cooling down to room 
temperature. Subsequently, a methanol solution (6 mL) containing NH4F (1.6 
mmol) and NaOH (1 mmol) was added and stirred at 50 oC for 30 mins. The 
temperature of the reaction mixture was increased to 100 oC to remove the 
methanol. Upon removal of methanol, the solution was heated to 290 oC and 
maintained at this temperature under an argon flow for 1.5 hr, then the mixture 
was cooled down to room temperature. The resulting nanoparticles were 
precipitated out by the addition of ethanol, collected by centrifugation, triple 
washed with ethanol and finally re-dispersed in 4 mL cyclohexane. 
Synthesis of NaYF4:Yb/Tm@NaYF4 Core-shell Nanoparticles: The core-
shell nanoparticles were synthesized according to reported procedure.56 To a 
50-mL flask containing oleic acid (3 mL) and 1-octadecene (7 mL) was added 
a solution of Y(CH3CO2)3 (0.4 mmol) in water. The mixture was then heated 
to 150 oC for 1.5 hr with magnetic stirring and then cooled down to 50 oC. 
NaYF4:Yb/Tm core nanoparticles in 4 mL of cyclohexane were added along 
with a 6-mL methanol solution of NH4F (1.6 mmol) and NaOH (1 mmol). The 
resulting mixture was stirred at 50 oC for 30 min, at which time the reaction 
temperature was increased to 100 oC to remove the methanol. Then the 
solution was heated to 290 oC under an argon flow for 1.5 hr and cooled to 
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room temperature. The resulting nanoparticles were precipitated out by the 
addition of ethanol, collected by centrifugation, washed with ethanol for 
several times, and re-dispersed in cyclohexane. 
Preparation of hydrophilic NaYF4:Yb/Tm@NaYF4 core-shell 
nanoparticles: The preparation of the ligand free NaYF4:Yb/Tm@NaYF4 was 
performed as reported paper.45 Firstly, the OA ligands on the surface of 
NaYF4:Yb/Tm@NaYF4 were washed with hydrochloric acid and water-
dispersible, ligand-free NaYF4:Yb/Tm@NaYF4 were obtained. Then ligand-
free UCNPs were dispersed in 10 mg mL−1 PAA solution, followed by stirring 
for 12 hr, and PAA-UCNPs were obtained. Finally, the PAA-UCNPs were 
washed with distilled water by sonication and centrifugation. 
Assembling SGT3 to PAA-UCNPs: 10 mM SGT3 in CH2Cl2 (0.2 mL) 
solution was added drop-wise into a water solution containing PAA 
functionalized UCNPs (1 mg/mL). The solution was then stirred overnight. 
Free SGT3 was removed by centrifugation. The precipitate was washed with 
water by centrifugation. The as-obtained hybrid materials (1-PAA-UCNPs) 
were re-dispersed by a brief sonication to form a homogeneous clear solution 
and stored at 4 °C. 
Procedures for ions sensing: Stock solutions of the ions (2.5 mM) were 
prepared in H2O. A stock solution of 1-PAA-UCNPs (1 mg/mL) was prepared 
in water solution. The sensing of 1-PAA-UCNPs to Zn2+ was performed by 
adding the Zn2+ stock solution by means of a micro-pipette to 2 mL solution of 
1-PAA-UCNPs. Test samples for selectivity experiments were prepared by 
adding appropriate amounts of ions stock solution with a similar procedure, 
fluorescent spectra of the samples were recorded.  
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Cell Culture: The HeLa cell lines and OSCC cell lines were grown in 
DMEM medium supplemented with 10% (v/v) fetal bovine serum (FBS) and 
antibiotics (100 U mL-1 antibiotic /100 mg mL-1 antimycotic) in a humidified 
atmosphere at 37oC with 5% (v/v) CO2. 
Cytotoxicity of 1-PAA-UCNPs: To study the cytotoxicity, we dispensed 
100 L of cell suspension (~5000 cells/ well) in a 96-well plate. The cells 
were pre-incubated for 24 hr in high glucose media (DMEM) with 10 % fetal 
bovine serum (FBS) and 1% Anti-Anti with in a humidified incubator (37 °C, 
5 %CO2). Next, different concentrations of UCNPs, 1-PAA-UCNPs (0, 100, 
200, 300, 400, 500, and 600 g/mL, diluted in Roswell Park Memorial 
Institute (RPMI) 1640 medium) were then added to the wells. The cells were 
subsequently incubated for 12 or 24 hr at 37 °C under 5% CO2. Then, MTT 
(20 L; 5 mg/mL) was added to each well, and the plate was incubated for an 
additional 4 hr at 37 °C under 5% CO2. After the addition of 100 L DMSO, 
the assay plate was allowed to stand at room temperature for 2 hr. The optical 
density OD570 value (Abs) of each well, with background subtraction at 690 
nm, was measured by means of a fluorimeter and UV/Vis instrument, 
SpectraMax M2, Molecular Devices. The following formula was used to 
calculate the inhibition of cell growth: 
Cell viability (%) = (mean Abs value of treatment group/mean Abs value of 
control) × 100% 
Cell Imaging: HeLa and OSCC cell lines were maintained at 37 oC in 5% 
CO2 in DMEM media respectively, both supplemented with 10% fetal bovine 
serum, 100 U/mL penicillin and 100 mg/mL streptomycin. The cells were 
plated at around 60-70% confluence 24 hr before imaging experiments in 35 
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mm culture dishes. Prior to imaging experiments, the cancer cells were 
incubated with UCNPs (500 µg/mL), 1-PAA-UCNPs (500 µg/mL) for 2 hr 
and the 1-PAA-UCNPs treated cells incubated with Zn2+ (0.25 mM) solution 
for 30 mins. Both cell lines were washed for three times with cell culture 
media. The cell lines were further washed using cell culture media and 
subsequently imaged at ambient temperature. 
Biological sample preparation: 15-20 months-old triple transgenic mice 
(APPsw/P301L tau/PSENM146) were sacrificed for tissue harvesting. The 
animals were either perfused with 4 % (w/v) paraformaldehyde (PFA) or the 
brain tissue was rapidly frozen and stored at -80 °C immediately after 
extraction. Free-floating sections were prepared from the PFA-perfused brain 
using vibratome (Leica) and 40 m slices were stored in anti-freeze solution at 
-20 °C until required. Separately, 10 m sections of rapidly frozen brain were 
prepared using a cryostat and picked up on coated slides and stored in a -20 °C 
freezer. 
Brain tissue UCL in vivo imaging: Brain tissue sections were treated with 
500 g/mL 1-PAA-UCNPs for 1 hr at room temperature, rinsed and mounted 
on slides. Separately, sections were treated with 1-PAA-UCNPs for 1 hr at 
room temperature, or pre-treated with 5 mM EDTA or 100 M Zn2+ solution 
for 1 hr before staining with 1-PAA-UCNPs. Imaging was performed with an 
inverted fluorescence microscope Ti (Nikon) mounted with a 980 nm diode 
laser.  
Tracing Distribution of Zn2+ in Zebrafish: Zebrafish were kept at 28 °C and 
maintained at optimal breeding conditions. For mating, male and female 
zebrafish were maintained in one tank at 28°C on a 12 hr light/12 hr dark 
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cycle, and then the spawning of eggs was triggered by giving light stimulation. 
Zebrafish were maintained in E3 embryo media. Zebrafish larva at 3 day were 
incubated with 500 g/mL 1-PAA-UCNPs for 2 hr at 28°C. Alternatively, 3 
day zebrafish were exposed to 5 mM EDTA for 1 hr at 28 °C to remove intact 
Zn2+ in zebrafish firstly, then zebrafish were further incubated with 1-PAA-
UCNPs for 2 hr at 28 °C. The nanoprobe treated zebrafish were imaged by an 
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6.1 Conclusion: an optimization path of fluorescent sensor generation 
Ever since the earliest day man has walked the planet, our expedition to the 
heart of nature-to understand nature, to utilize nature and to live with nature in 
harmony-began. Giants of the ancient would shout: “Give me a place to stand 
on, and I will move the earth!” Others, humble, obedient to the ferocious 
temper of nature. Thousands of years have passed, what were once dreams 
have come true owing to the explosive development of science and technology. 
For instance, when encountering something new, we once asked questions like 
“What is this stuff”, “What is it made of” and “Is it safe to eat or drink”, etc. 
Nowadays, the level of inquiry has become more sophisticated and we now 
become curious about “What are the constituents?”, “How much of each 
component?”, and “Is there a disease vector present?” Such concerns have 
raised in both environmental and biomedical studies. In most cases, we can 
give the answers now; however, state-of-the-art analytical instrumentation is 
required for such analysis. Often the analyses involve considerable time with 
sample preparations that require a high level of expertise. 
Nevertheless, we are still living in such a world that demand rapid or 
instant analysis when facing an increasingly more extreme cases. Bio-
medically, the emergence of multiple infectious diseases such as H1N1, 
malaria or even Ebola has imposed severe pressure on our analytical system. 
Other more humane situations, environmental pollution, food safety or even 
possible terrorist attack using chemical or biological weapons that harass the 
planet have also rung the alarm to current monitoring processes. With such 
demand, we cannot afford days or even hours to wait for the testing results and 
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unbiased screening process. Generally speaking, we split each fluorescent dye 
as a single unit corresponding to a variety of biologically important species. 
Thus by measuring the fluorescence spectra of each fluorescent dye against 
the biological species and comparing their photo-physical properties to that of 
the control sample, we are able to understand clearly that which fluorescent 
dye can be lighted on or quenched by which analyte. This method offers a 
stable and integrated screening format to conduct research on all of our 
thousands of fluorescent dyes towards a huge number of analytes. From this 
approach, the first fluorescent “turn on” sensor for caffeine has been 
developed. 
Though highly applicable as it is, the unbiased screening platform requires 
large level of analyte preparation and the spectrometer measurement is 
relatively time consuming to cover thousands of fluorescent dyes. Therefore, 
in order to promote the fluorescent sensor generation, we developed a new 
platform-the image based hyper throughput screening platform. We rationalize 
and simplify the fluorescence procedure as follows: to trigger fluorescence, we 
need an excitation lamp that delivers energy to the fluorophore and as a result 
we will observe emission light at a longer wavelength. This excitation-
relaxation-emission process has inspired us to evolve and optimize the 
DOFLA application: instead of embedding the analytes into each plate and 
adding individual fluorescent dye, the sensors have already been embedded 
into the 96-well plates with regards to their structures and properties. By 
irradiating the sensor plate with an excitation lamp we can readily obtain the 
background image of the library using an off-the-shelf camera. The excitation 
lamp is an ultraviolet (UV) lamp because UV is able to trigger fluorescence 
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signals from majority of the fluorophores. After addition of any analyte-be it 
environmental or biological-to the sensor plate, we can shoot one more image 
using the same setup. Both images are lined up and compared side by side to 
reveal any tiny change of intensity or emission color from the fluorescent dye. 
Any dye bearing fluorescence change will be picked out as a hit and subjected 
to further analysis. This platform has greatly accelerated our fluorescent 
sensor discovery process, and a series of sensor have been developed therein: 
food safety-bisphenol A and milk fat; social security-date rage drugs such as 
GHB and GBL. 
The combination of image based hyper throughput screening platform with 
the spectrometer analysis has inspired us to tackle even more difficult species. 
With combinatorial dye designing involved, we have built a fluorescent sensor 
array that differentiates and semi-quantitatively designates seven heavy metal 
ions at the same time. Furthermore, by incorporating a variety of drinkable 
water into the test, we could establish a safezone test chart while any species 
lying inside the safezone is deemed as safe to drink, any species outside of the 
safezone is deemed potentially hazardous and requires special attention. This 
safezone model is accumulative because the more samples we test, the more 
precise the zone can be. This model can be employed to any water quality 
control process and could save the cost of expensive machines in resource 
limited regions. This concludes our efforts to optimize the fluorescent sensor 





It should be noted that although a series of environmental and biomedical 
fluorescent sensors have been discovered, in view of science, a more 
important task should be to summarize them and then raise the common 
feature that causes these fluorescence changes. Thus we would be able to 
replicate the successful results, improve it and even apply it to other similar 
studies. The progress of both DOFLA and fluorescence technique should lead 
us further in the field of science and hopefully one day we would be able to 
claim: 
“Give me a fluorescent sensor, and I will illuminate the world”. 
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